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ABSTRACT
Biological Treatment of Waste Solutions Generated from 
the Remediation of Perchlorate-Contaminated Waters
by
Tina M. Gingras
Drs. David E. James and Jacimaria R. Batista, Examination Committee Chairs 
Associate Professors, Department of Civil and Environmental Engineering 
University of Nevada, Las Vegas
This thesis investigates the feasibility of combining ion exchange and biological 
reduction to remove perchlorate contamination from waters and eliminate it from the 
environment. Perchlorate can be removed from water by ion exchange. However, 
regeneration of these resins creates a waste stream, concentrating the perchlorate and 
other components in the régénérant solution. This waste stream can then be channeled to 
a biological reactor where perchlorate is reduced by microorganisms. Perchlorate- 
reducing microorganisms are ubiquitous in nature, yet biological treatment of these waste 
streams would expose these microorganisms to high salt or ammonium concentrations 
and high perchlorate levels. In studying the impact of these three parameters on a mixed 
culture of perchlorate reducers, results showed high concentrations of salt, ammonium 
and perchlorate negatively affected the biological reduction of perchlorate; however, 
possible acclimation of these microorganisms to high ammonium and perchlorate levels 
may be possible.
Ill
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CHAPTER 1 
STATEMENT OF THE PROBLEM
1.1. Introduction
The environmental release of perchlorate has been identified in at least twenty 
states, including California, Nevada, New Mexico, Arizona, Utah and Texas. This 
contamination has affected groundwater, soils, and the drinking water for as many as 15 
million people (Hatzinger, 2002). Most of the contamination is a result of ammonium 
perchlorate, NH4CIO4, a chemical oxidizer used heavily in the rocket propellant industry. 
The concentrations of perchlorate found have ranged from very low levels of 
contamination (less than 100 ppb) to very high levels (3.7 million ppb [USEPA, 2002a]). 
High concentrations are usually present at perchlorate manufacturing sites or government 
installations where spent perchlorate has been removed from service. In January 2002, 
the US Environmental Protection Agency (USEPA) republished a draft risk assessment 
of perchlorate, proposing a revised reference dose (RID) of 0.00003 mg/kg-day, which 
equates to a Drinking Water Equivalent Level of I ppb (USEPA, 2002a). Although this 
RID is under intense scrutiny, the proposed level has intensified the search for an 
effective treatment technology to remove perchlorate from water.
As a result of perchlorate’s physical-chemical characteristics (e.g. low reactivity, 
low volatility, high solubility), conventional water treatment technologies such as 
filtration, coagulation, sedimentation, and flocculation are essentially useless in removing
I
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this contaminant from water. Chemical oxidation, air stripping, and activated carbon 
have also proven to be largely ineffective for perchlorate removal. The most successful 
technologies seem to be membrane filtration, ion exchange, and biological reduction. 
However, as with any treatment technology, factors such as cost, effectiveness, 
implementability, and waste generation must be considered. After consideration of all 
these factors, both ion exchange and biological reduction seem to be the technologies of 
choice. Ion exchange seems to be favored by the drinking water industry because of its 
familiarity and widespread use, while biological reduction possesses a distinct advantage 
over ion exchange because it does not generate a waste stream. Regeneration of ion 
exchange resins produces a waste stream high in perchlorate and either salt or ammonium 
depending on the type of resin and régénérant solution used in the process. Disposal or 
remediation of these waste streams is often difficult.
This thesis investigates the feasibility of combining ion exchange and biological 
reduction to remove perchlorate contamination from waters and eliminate it from the 
environment. In this treatment process, perchlorate is removed from water by ion 
exchange. The ion exchange resins are regenerated, concentrating the perchlorate and 
other elements contained in the régénérant solutions into a waste stream. This waste 
stream is then channeled to a biological reactor where perchlorate is reduced by 
microorganisms to innocuous end products of oxygen and chloride. As a result of the 
elevated saline and ammonium found in ion exchange waste solutions, much of this 
research focuses on the challenge these waste streams pose to perchlorate-reducing 
bacteria and their ability to successfully reduce this contaminant.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2. Objectives
The specific objectives of this thesis are:
1. Considering the range of perchlorate contamination found in ground and surface 
waters of the United States, estimate the potential composition of waste streams 
produced from regeneration of strong base and weak base anionic ion exchange 
resins used in the removal of perchlorate from water.
2. Determine the growth coefficients of perchlorate-reducing microorganisms 
exposed to high levels of ammonium (NH4), which would be present in the spent 
ion exchange régénérant waste solutions obtained from the regeneration of 
perchlorate-laden weak base anionic exchange resins.
3. Determine the growth coefficients of perchlorate-reducing microorganisms 
exposed to high levels of salinity, which would be present in ion exchange 
régénérant waste solutions obtained from the regeneration of strong and weak 
base anionic exchange resins.
4. Investigate whether high levels of perchlorate (>1000 ppm) per se, common in ion 
exchange waste solutions, pose any threat to perchlorate-reducing 
microorganisms.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
BACKGROUND
2.1. History of Perchlorate
Perchlorate is an oxidizing anion that comes from the dissolution of ammonium, 
potassium, magnesium, or sodium salts. Count Friederich von Stadion first synthesized 
this chemical in 1816 by preparing a mixture of potassium chlorate and concentrated 
sulfuric acid. Research on this chemical continued through the 1800’s with construction 
of the first commercial perchlorate manufacturing plant in 1893 in Sweden (Schilt, 1979). 
Being a reducing agent, perchlorate undergoes a variety of intramolecular redox reactions 
that lead to the release of gaseous products, making this chemical a valuable pyrotechnic 
and propellant. The popularity of perchlorate increased in the 1900’s during World War I 
and II, and thereafter, taking on a new role during the space race in the solid rocket 
propellant industry. Research on this chemical continued over the years with synthesis of 
new salts and the discovery of naturally occurring perchlorate in deposits of nitrates in 
Chile.
In the mid 1940’s, the widespread manufacturing of perchlorate-chemicals began 
in the United States. The use of perchlorate expanded with these salts being employed as 
an additive in lubricating oils, in leather processing, in nuclear reactors and electronic 
tubes, and as a mordant for fabrics and dyes. Perchlorate also found its way into 
electroplating, aluminum refining, production of paints and enamels, and in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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manufacturer of rubber (Siddiqui et a l, 1998). Large-scale use of perchlorate is also seen 
in the automotive industry as a component of air bag inflators. One drawback to 
perchlorate is its relatively short shelf life. Rockets and missiles requiring the use of 
ammonium perchlorate as a thrust booster must be continuously supplied with fresh 
perchlorate. Because the accepted method of removal and recovery from these munitions 
is high-pressure water wash out, large volumes of perchlorate waste are created. Much of 
the contamination in our soils and waters today are a direct result of past practices of 
perchlorate waste handling and disposal.
2.2. Regulation of Perchlorate Contamination
In 1985, the Region 9 Office of the USEPA first became aware of the presence of 
perchlorate in wells. Due to the lack of knowledge regarding the toxicity of this chemical 
and absence of a valid analytical method, the USEPA focused on other more known 
threats. In the early 1990’s, discovery of perchlorate contamination in water supplies in 
California continued, prompting the USEPA Superfund Technical Support Center to 
issue a provisional oral reference dose (RfD) for perchlorate. An oral reference dose is 
an estimate of the daily exposure of perchlorate to the human population (including 
sensitive subgroups) that is likely to be without appreciable risk of adverse effects over a 
lifetime (USEPA, 2002c). This dose is given as the perchlorate anion since perchlorate 
salts readily dissolve in aqueous solutions and it is the anion that is detected in 
environmental samples. The basis of this RfD was an acute study in which single doses 
of potassium perchlorate were given to patients suffering from Graves’ disease, an 
autoimmune condition that results in hyperthyroidism. Assuming factors of 70 kilograms
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of body weight and 2 liters of water consumption per day, the USEPA converted this RfD 
value into a drinking water equivalent level (DWEL), stating that a range of 4 to 18 ppb 
of perchlorate was acceptable in drinking water (USEPA, 1999). In January 1997, based 
on the upper level of this provisional RfD, the California Department of Health Services 
(CDHS) adopted an action level of 18 ppb for perchlorate. New York, Arizona, and 
Texas also initially adopted this 18 ppb action level for perchlorate in drinking water.
In order to meet these requirements and detect perchlorate at low levels, an 
analytical method using ion chromatography was developed in March 1997, detecting 
perchlorate at levels of 1 ppb. As a result of this new analytical method, low-level 
perchlorate contamination was discovered at many sites throughout California, Nevada 
and Utah. Some of the contamination in California was traced up the Colorado River, 
eventually back to Lake Mead, Nevada. The perchlorate contamination found in Lake 
Mead is mainly due to the inadequate disposal of perchlorate manufacturing waste 
products into unlined ponds. To this day, perchlorate salts are found in the soils at this 
site and continue to migrate with surface and ground waters through the Las Vegas wash 
to Lake Mead. In August 1997, the Nevada Department of Environmental Protection 
(NDEP) joined the other states, implementing a perchlorate action level of 18 ppb. In 
1998, perchlorate was placed on EPA's Contaminant Candidate List for consideration for 
possible regulation and, in 1999, included in the Unregulated Contaminant Monitoring 
Rule (UCMR), which required monitoring of all large public water systems and a 
representative sample of small public water systems for perchlorate (USEPA, 2002a). 
Currently, the American Water Works Association is coordinating a survey, with results
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7due out in 2003, to assess perchlorate contamination occurrence in the nation’s drinking 
water supplies.
2.3. Health Effects of Perchlorate
In 1998, after reviewing past literature and toxicological data gathered on 
perchlorate, the EPA drafted a document called Perchlorate Environmental 
Contamination: Toxicology Review and Risk Characterization based on Emerging
Information. This draft document was revised in January 2002 to include further medical 
findings and up-to-date research. The document attempts to assess the risk of perchlorate 
to human health and concludes that the potential human health risks of perchlorate 
exposures include effects on the developing nervous system and thyroid tumors.
The original draft report in 1998 supported an acceptable level of perchlorate in 
water of 32 ppb; however, this level was lowered to 1 ppb by the USEPA in its 2002 
revision. After a second review of data gathered in 1998, the USEPA found that the 
brains of rat pups whose mothers drank perchlorate-laced water were different in size and 
shape from control rats even at the lowest dose, O.OI mg perchlorate kg ' day'' (USEPA, 
2002a). The new RfD of 0.00003 mg perchlorate kg ' day ' is ten times lower than what 
was found in 1998 and incorporates a higher safety factor (300). Following the USEPA’s 
recommendations, CDHS lowered its previous health action level of 18 ppb to 4 ppb, a 
concentration that corresponds to its detection limit for purposes of reporting (CDHS, 
2003a). Since enforcement of this lower level is a problem for some drinking water 
systems and because there is much dissention over the interpretation of health data, many 
water suppliers, such as the Las Vegas Valley Water District, have not changed their
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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current action levels. Further science reviews and deliberations by scientific community 
and the USEPA will determine the future of this provisional action level and its fate as a 
drinking water standard.
Perchlorate’s major exposure route is gastrointestinal, posing no major inhalation 
or dermal hazards to humans. Perchlorate interferes with iodide uptake into the thyroid 
gland. Since iodide is an essential component of thyroid hormones, perchlorate disrupts 
how the thyroid functions. Normally the thyroid helps regulate metabolism and in 
children, also plays a major role in proper development. Impairment of thyroid function 
in expectant mothers may impact the fetus or newborn, resulting in changes in behavior, 
delayed development and decreased learning capability (USEPA, 2002a).
2.4. Removal of Perchlorate from Surface and Groundwaters
Although perchlorate-contaminated plants and aquatic life are possible sources of 
exposure, the lack of research into alternate exposure sources and the increased 
identification of perchlorate-contaminated waters over the last five years has led to an 
increased interest in technologies to remove perchlorate from water. When scrutinizing 
the various treatment technologies, ion exchange and biodégradation rate as two of the 
leading treatment technologies based on design, performance, ease of operation, and 
disposal concerns. Having been used extensively for hardness and nitrate removal, ion 
exchange is a more suitable technology for perchlorate removal from drinking water. 
Although microorganisms are used extensively to treat wastewater, public utilities are not 
as comfortable in using this as a sole technology for drinking water. Coupling the two 
technologies accomplishes the goal of successful perchlorate removal from water.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9eliminates difficulties associated with the production of a toxic waste stream, and
provides a treatment train acceptable to the water industry and general public.
2.4.1. Strong Base Anionic Resins (SBAX) and Biological Reduction for Perchlorate 
Removal
Ion exchange resins are non-soluble solids with ionized functional groups 
covalently bonded to their surfaces. For a basic anionic resin, negatively charged 
counter-ions (e.g., chloride or hydroxide ions) are attached to the solid beads of the resin 
and stoichiometrically exchanged with perchlorate or other negative ions present in the 
feed water. Once a substantial amount of counter-ions have been replaced in the resin, 
the resin is regenerated with a strong solution of the counter-ion, unloading the 
perchlorate from the resin.
Research has shown that the type of resin matrix and the type of functional group 
attached to the resin more heavily determine the attraction perchlorate will have for a 
particular resin over other factors such as cross-linking and resin porosity (Tripp and 
Clifford, 2000 and 2002, Gregor et a l, 1955). In laboratory tests utilizing SBAX, higher 
separation factors were observed for polystyrenic type resins as compared to 
polyvinylpyridine or polyacrylic (Batista et al., 2002). Tripp and Clifford (2000) 
observed separation coefficients for styrenic type resins of 125, much higher than acrylic 
type resins (a = 6 ). Gregor et al. (2002) also found that the amount of perchlorate on a 
quaternary ammonium anion-exchange resin influenced selectivity coefficients for 
perchlorate, approximately tripling in value with resin loading. While both styrenic and 
acrylic type SBAX effectively remove perchlorate from water to very low levels, the 
styrenic type resins were able to treat more bed volumes, obtaining higher column 
utilization rates.
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One major disadvantage to the high degree of selectivity styrenic type SBAX 
exhibit is the reluctance of the resin to release perchlorate during regeneration. Using the 
same concentration of régénérant (12% NaCl) and the same bed volumes (BV) of 
régénérant applied, Vieira (2000) obtained 100% regeneration of acrylic type SBAX 
opposed to 38% for styrenic type resins. Both removal and regeneration efficiencies of 
SBAX must be considered in selection of a resin for perchlorate removal. Since the 
waste stream generated from the regeneration of SBAX will contain constituents used in 
the regeneration solution, the concentration of salt (NaCl or KCl) needed in regeneration 
of SBAX directly affects the microorganisms used in the remediation of these brines. 
Figure 2.1 depicts the proposed treatment train, which combines strong base anionic
P ercb lo ra te  C on tam in ated  W a ter  
CIO^ , N O j  , S o |  , H C O j
E lec tro n  D on or  
(C arbon S ou rce  or  H ydrogen)
N O j  , CIO4  ,N a+
H C O  j  , S o | '
Som e C l
W a ste  B rine
B io rea cto r
A cclim ated  
P R M s or  
H alo to leran t  
B a cter ia
T A pp ropriate
N a C l or  K C l D isp o sa l
( 6  -  1 2 %  )
P erch lo ra te  F ree  W a ter
Figure 2.1 - Proposed treatment train using strong base anionic resins for removal of 
perchlorate from water and biological reduction for removal of perchlorate 
in the waste brine.
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resins for perchlorate removal, and biological reduction for treating the waste brines 
resulting from resin regeneration. The high salt and perchlorate concentrations in the 
waste brines pose a major challenge to biological reduction and will be investigated 
further.
2.4.2. Weak Base Anionic Resins (WBAX) and Biological Reduction for Perchlorate 
Removal
In contrast to SBAX, much less research has been conducted on weak base 
anionic resins for use in removing perchlorate from water. Using polyacrylic type 
WBAX, Vieira (2000) was able to process, on average, 2330 BV of 40 mg U ' perchlorate 
solution, achieving 35% column utilization. Styrenic type WBAX were unable to remove 
perchlorate. During the regeneration process, 76% of the perchlorate loaded on the 
acrylic type resin was removed using a 1% NaOH solution and complete regeneration of 
the resin was possible with a 12% salt solution (Vieira, 2000).
In addition to the high column capacity of the acrylic type WBAX, these resins 
have the added advantage of being able to undergo regeneration with either a salt or 
caustic solution (e.g., sodium or ammonium hydroxide). Selection of the type of 
régénérant solution is advantageous because it provides different environmental 
conditions under which biodégradation of perchlorate can take place in the regeneration 
wastes. Utilizing NaCl, KCl or NaOH in the régénérant solution would create a waste 
stream similar to that produced during the regeneration of strong base resins. This waste 
stream would contain elevated salt concentrations, high levels of perchlorate, and other 
anions which would present the same challenges waste brines from SBAX pose to 
microorganisms in the succeeding biological reactor. The other alternative, an 
ammonium hydroxide solution, would eliminate the need for salt-tolerant
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microorganisms, but would impose other constraints on the biological reactor used in this 
treatment scheme such as high pH and high ammonium concentrations (Figure 2.2).
P erclU orate C ontam in ated  W ater  
CIO 4  , N O j  , S o |  , H C O j
X
pH
N  eutr allzation
E lectro n  D on or  
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D isp o sa l
P ercb lo ra te  F ree  W ater
Figure 2.2 - Proposed treatment train using weak base anionic resins for removal of 
perchlorate from water and biological reduction for removal of perchlorate 
in the waste régénérant solution.
2.4.3. Bifunctional Resins and Biological Reduction for Perchlorate Removal
In addition to SBAX and WBAX, special resins that specifically select for the 
perchlorate anion have been explored for use in removing perchlorate from water (Brown 
et al., 2000, Gu et al., 2002). These resins are often called biftmctional because they 
contain two functional groups, a long chain quaternary ammonium group to improve 
selectivity and a short chain quaternary group to aid kinetics (Batista et al, 2002). In a 
study conducted by Gu et al. (2002), biftmctional resins were found to have separation 
factors 3 to 10 times greater than those of mono functional resins. For regeneration of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
these spent resins, tetrachloroferrate (FeCLt") is used, achieving 100% perchlorate 
removal with repeated loadings and subsequent regeneration (Gu et al., 2000 and 2002). 
When utilizing a bifunctional resin in the proposed treatment scheme (Figure 2.3), the
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Fe+^, N O  
C IO 4 
reduction
3 ’
T  etrach loroferrate
(F eC I^-) A ppropriate
D isp o sa l
P erch lora te  F ree  W a ter
Figure 2.3 - Proposed treatment train using bifunctional resins for removal of perchlorate 
from water and biological reduction for removal of perchlorate in the waste 
régénérant solution.
waste solutions produced from regeneration of the spent resins would contain high 
concentrations of ferric (Fe^^) and perchlorate ions. Other anions such as nitrate and 
sulfate would be expected in the waste solution, but not to the same degree as CIO4' or 
Fe"^ .^ Since microorganisms are able to reduce Fe^  ^to Fe^  ^preferentially to reduction of 
nitrate under anaerobic conditions, there is a possibility that ferric ions present in waste 
solutions would compete with perchlorate in this type of biological reduction process.
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increasing the amount of carbon (electron donor) needed and decreasing perchlorate 
removal from the waste (Batista et a l, 2002).
Another area of concern associated with waste produced from the regeneration of 
spent bifunctional resins is the low pH of the waste stream. The waste solution would 
have to be neutralized and the addition of another component would increase costs and 
the potential for further toxins being added to the waste stream. Since research into these 
resins is still in its infancy, much work is needed before these resins are a viable option in 
remediating perchlorate-contaminated waters.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
BIOLOGICAL REDUCTION OF PERCHLORATE IN ION EXCHANGE 
REGENERANT SOLUTIONS CONTAINING HIGH SALINITY 
AND AMMONIUM LEVELS
3.1. Introduction
Despite the success ion exchange technology has demonstrated in removing 
perchlorate from waters (Tripp and Clifford, 2000, Calgon Carbon Corporation, 1998, 
Vieira, 2000), the perchlorate-laden resins resulting from this process are a growing 
concern. Some are not easily regenerated due to the high affinity perchlorate has for 
these resins. The high costs and difficulties associated with regenerating these resins 
have led to disposal of spent resin through incineration (Nevada Department of 
Environmental Protection, 1999). Conversely, resins that can be effectively regenerated 
produce a waste stream containing high levels of perchlorate and other anions, and the 
saline and caustic components used in the régénérant solution. The contaminant 
perchlorate is concentrated elsewhere only to be dealt with later. Regardless of 
regenerating or directly disposing of the spent resins, ion exchange is an incomplete 
technology. To eliminate perchlorate not only from water but also from the environment, 
a hybrid technology is proposed integrating the use of ion exchange resins for 
contaminant separation and biological reduction for the elimination of perchlorate from
15
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the waste solutions. Biological reduction of perchlorate transfonns the contaminant into 
innocuous products, chloride and oxygen. This chapter will summarize the current state 
of knowledge on perchlorate removal by ion exchange (IX) and estimate the composition 
of the waste solutions produced from regenerating spent resins. The proposed hybrid 
system will be introduced, outlining specific research challenges, the preliminary data 
gathered and the advantages of combining these two technologies.
Although naturally occurring in nitrate deposits gathered from Chilean mines 
(Schilt, 1979, Susarla, 1999), the presence of perchlorate in the environment is usually 
associated with the use and manufacturing of rocket fuel and explosives. These 
operations utilize sodium, potassium and ammonium perchlorate salts that readily 
dissociate in water forming the perchlorate anion (CIO4  ). The high solubility of the 
perchlorate anion makes it very mobile in surface and ground waters.
Clinical studies conducted during the 1960s provide most of the current 
knowledge on perchlorate toxicity. In the 1950s, potassium perchlorate was used to treat 
hyperthyroidism, a condition also known as Grave’s disease. As familiarity with 
perchlorate use increased, dosages of perchlorate were elevated in an effort to promote 
healing. The increased dosages resulted in seven eases of fatal aplastic anemia from 
1961 to 1966 (Wolff, 1998). Adverse effects of this contaminant target the functioning of 
the human thyroid gland. By interfering with the uptake of iodine by the thyroid, 
perchlorate inhibits the synthesis and secretion of thyroid hormones and causes a 
discharge of accumulated iodine in the gland (Wolff, 1998). Data gathered from these 
past clinical studies provide information on perchlorate’s mechanism of action, high- 
level-dose-response, and risk. This information was used by the US Environmental
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Protection Agency (USE?A) to formulate a provisional oral reference dose (RfD). The 
RfD is an estimate of a daily oral exposure to the human population (including sensitive 
subgroups) that is likely to be without appreciable risk of deleterious non-cancer health 
effects during a lifetime (USE?A, 2002a). In 1997, the California Department of Health 
Services (CDHS) used these RfD values to set a drinking water quality action level of 18 
pg L'  ^ to protect against adverse health effects of perchlorate exposures (CDHS, 2002a). 
The Nevada Department of Environmental Protection (NDEP) also adopted this 
provisional level.
To compensate for the lack of knowledge regarding the effects of low-dose 
perchlorate exposure, the USEPA employed a testing strategy to reevaluate data from 
past clinical studies and expedited the implementation of new clinical trials. The results 
of this review proposed a RfD of 0.00009 mg/kg-day, which translates to a Drinking 
Water Equivalent Level (DWEL) of 32 ppb (USEPA, 1998). In July 2001, the USEPA 
initiated monitoring of perchlorate in public water systems; however, reporting of the 
results was delayed until the USEPA’s electronic reporting system was ready to accept 
data (USEPA, 2001). Once again in January 2002, a second revision of the draft risk 
assessment entitled Perchlorate Environmental Contamination: Toxicological Review
and Risk Characterization Based on Emerging Information was produced, incorporating 
findings from rat studies and a clinical study by Greer et al. (2002). Based on this 
information, the USEPA once again revised the RfD to 0.00003 mg/kg-day, suggesting a 
drinking water goal of 1 ppb (USEPA, 2002c). CDHS followed suit, changing their 
drinking water quality action level from 18 ppb to 4 ppb based on these new findings; 
however, Nevada’s provisional level remains the same at 18 ppb.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
With proposed action levels in mind, scientists began looking for ways to 
adequately remove this contaminant from drinking water supplies and groundwater. 
Several technologies are under consideration including membrane separation, ion 
exchange, activated carbon adsorption, and biological reduction. The physical and 
chemical characteristics of perchlorate and poor performance of other technologies led 
researchers to connect strong-base anionic resins (SBAX), that have been successfully 
used for the removal of anions such as nitrate and arsenate, with this new contaminant. 
In this process, resins are placed in columns through which perchlorate-contaminated 
waters are passed. Due to its large size and low hydration energy, the perchlorate anion 
replaces an innocuous ion (e.g., chloride), which is initially attached to the resin. This 
process continues until the resin has reached a capacity where exchange of perchlorate 
has diminished to a point where breakthrough of perchlorate at a specific concentration in 
the colunrn effluent has occurred. The resin is saturated and must be regenerated for 
continued use or properly disposed of. Depending on the type of resin, high 
concentrations of a sodium chloride or a caustic solution are passed through the columns 
to remove the perchlorate from the resin. Successful regeneration allows continued use 
of the resins.
Several types of IX resins have been investigated for perchlorate removal. Both 
acrylic and styrenic SBAX remove perchlorate from waters to very low levels with long 
bed runs (Tripp and Clifford, 2000, Vieira, 2000, Calgon Carbon Corporation, 1998). 
Vieira (2000) found that complete perchlorate removal from acrylic SBAX is possible 
using a 12% sodium chloride (NaCl) solution. In the same study (Vieira, 2000), 
regeneration efficiency of perchlorate-laden SBAX having a styrenic matrix ranged from
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19 to 43%. These SBAX resins are currently used commercially to remove perchlorate 
from contaminated waters; however, low regeneration efficiencies using economically 
feasible amounts of régénérant and high resin capacity for perchlorate have made 
disposal of the resins through incineration a more cost-effective alternative than 
regeneration and reuse. Efforts to increase the removal efficiency of perchlorate from 
these spent resins have led to modifications in the process or in the resins themselves. 
Tripp and Clifford (2000) found that heating spent resins to 60°C during regeneration 
decreased the perchlorate separation factor approximately 60%. Calgon Carbon 
Corporation was able to achieve a reduction in the amount of regenerate waste (brine) 
produce through optimization of their ISEP® System used at Big Dalton (Calgon Carbon 
Corporation, 1998). Later with the development of a proprietary catalytic reactor system 
called perchlorate and nitrate destruction module (PNDM), Calgon Carbon Corporation 
claimed to be able to reduce perchlorate and nitrate concentrations in the waste brines to 
undetectable levels; however, no published data are available on the performance of this 
PNDM system (Venkatesh et a l, 2000). In a study conducted by Gu et a l  (2000), use of 
a bifunctional resin proved to be five times more effective than monofunctional resins in 
removing perchlorate. Regeneration efficiency of these resins was also improved through 
the development of a new regeneration technique whereby the sorbed CIO4' is displaced 
by FeCL" anions formed in a FeCL solution. The FeCL' ions can then be decomposed 
and the Fe(III) species eluted in a dilute hydrochloric acid solution. Despite the nearly 
100% recovery of ion-exchange sites on this resin, one drawback to its use is the cost of 
the resin. Highly selective resins cost approximately $300/ft^, where as strong base 
anionic resins can be purchased for $90/ft^ (Fatula, 2002). Unfortunately, highly
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selective resins are similar to strong base resins in that they also produce regeneration 
wastes requiring disposal.
Although much less studied, the use of weak-base ion exchange resins (WBAX) 
holds some promise. Weak-base styrenic resins did not perform well in testing and were 
unable to remove perchlorate effectively (Vieira, 2000). However, polyacrylic WBAX 
appeared to have satisfactory perchlorate-removal efficiency and very high regeneration 
efficiencies using either a 12% NaCl solution or 1% ammonium hydroxide (NH4 OH) 
solution (Vieira, 2000). The use of ammonium hydroxide in regeneration of WBAX 
could produce a waste stream more amenable to biological reduction than the saline 
regeneration solutions, making these resins good candidates for the proposed hybrid 
system.
Perchlorate has a strong oxidizing potential, yet chemical reduction is restricted 
kinetically, making this anion very stable. Fortunately, microorganisms are capable of 
producing enzymes that can overcome the high activation energy needed for perchlorate 
reduction. Several studies have been conducted documenting the biological reduction of 
perchlorate (Lui, 2000, Yakolev et al., 1973, Rikken et a l, 1996, Korenkow et al., 1976, 
Attaway and Smith, 1994, Bruce et a l, 1999, Herman and Frankenberger Jr., 1999, 
Mulvaney, 1999, Logan and LaPoint, 2002, and Malmquvist et a l, 1994). In the 
biological reduction process, perchlorate is used as an electron acceptor, and is reduced to 
chloride when an electron donor, nutrients and minerals are provided. Perchlorate- 
reducing microbes live in a broad spectrum of environments, including pristine and 
hydrocarbon-contaminated soils (Coates et al., 1999, Wu and Logan, 2000), river 
sediments (van Ginkel et al., 1995), paper mill waste sludges (Bruce et al., 1999),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
industrial wastes (Stepanyuk et a l, 1992), and seawater (Logan et a l, 2001). Many of 
these microorganisms have been isolated and are summarized in Table 3.1.
Early research into the reduction of perchlorate concluded that this process should 
be linked to nitrate reductase activity (Attaway and Smith, 1993) and in fact, the same 
enzyme may be used in reduction of perchlorate and nitrate (Hackenthal, 1965). In 1998, 
Logan (1998) found that although most perchlorate or chlorate strains may be 
denitrifying facultative anaerobes, not all denitrifiers are chlorate reducers. In some 
studies (Wallace et al., 1996), perchlorate was unaffected by the presence of nitrate and it 
was suggested that the enzymes involved in perchlorate reduction were not necessarily 
the same as those involved in nitrate reduction. Recently in 1999, Coates (1999b) 
revealed that not all perchlorate-reducing bacteria use nitrate, which also suggests that the 
chlorate reduction pathway and the nitrate reduction pathway may be unrelated.
Although the biochemical pathways of perchlorate reduction by microorganisms 
are not fully known, biological degradation has been researched and used commercially 
to remove perchlorate from waters. Many reactor types have been investigated for 
perchlorate removal (Table 3.2). The majority of these systems are attached growth 
reactors using either sand or granular activated carbon and are able to remove perchlorate 
to very low levels. A variety of electron donors including ethanol, methanol, acetate, 
hydrogen and cheese whey have been utilized in these reactors.
3.1.1. Potential Composition of Ion Exchange Régénérant Solutions
The composition of the waste streams from the regeneration of perchlorate-laden 
resins will vary depending on the type of resin utilized, the removal and regeneration
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Table 3.1 -  Summary of perchlorate reducing microorganisms.
Type o f  Microbes Source Electron Donors Characteristics Reference
Bacillus cereus, Staphylococcus 
epidermidis. Staphylococcus 
aureus, Serratia marcescens, 
Escherichia coli
Depository Yeast Extract
Reduction rate = 0.83 to 
3.46 mg C1 0 4 ' h r ' g ' 
biomass
Hackenthal,
1965
Mixed culture Sewagesludge
Yakolev et al., 
1973
Vibrio dechloraticans Cuznesove Domestic Acetate, ethanol
Gram-negative, motile. 
Reduction rate = 70 mg 
CIO4  hr ' g ' biomass
Korenkov et
B-1168 Wastewater a l , 1976
Wolinella succinogenes Strain 
HAP-1 (member of the epsilon 
subclass of the Proteobacterid)
Municipal
Anaerobic
Digester
Hydrogen, acetate, lactate, 
pyruvate, succinate, whey 
powder, peptone, yeast extract, 
brewers yeast, casamino acids, 
cottonseed protein, aspartate, 
malate, formate
Gram-negative, rod­
shaped, anaerobic 
organism
Reduction Rate = 1492 
mg CIO4  hr ' g'' biomass
Attaway and 
Smith, 1994 
Wallace et al., 
1996
Strain GR-1 (member of P 
subdivision of the 
Proteobacteria)
Activated
Sludge
Acetate, glucose, arabinose, 
mannose, mannitol, maltose, 
gluconate, adipate, N- 
acetylglucosamine, phenyl acetate
Gram-negative, oxidase- 
positive, motile rod­
shaped organism 
Reduction rate = 8 8  mg 
CIO4  L ' day '
Rikken et al., 
1996
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Strain CKB (member of P 
subdivision of the 
Proteobacteria)
Paper mill 
waste
Acetate, propionate, butyrate, 
lactate, succinate, fumarate, 
malate, yeast extract
Gram-negative, motile, 
facultative anaerobe
Bruce et al., 
1999
Strains KJ, PDX
Primary
digester
sludge
Acetate, lactate
Gram-negative, rod 
shaped, facultative 
anaerobes, denitrifiers
Mulvaney,
1999
Perclace (member of P 
subdivision of the 
Proteobacteria)
Wastewater
biosolids
Acetate, fumarate, propionate, 
succinate, casamino acids, 
peptone, yeast extract, tryptic soy 
broth
Gram-negative, curved 
rod, facultative anaerobe
Herman and 
Frankenberger, 
1999
Mixed Culture including 
Dechlorimonas sp. Strain JM
Activated
Sludge Hydrogen
Reduction rate = 230 pg 
U ' min*
Miller and 
Logan, 2000
Dechlorosoma sp. 
Strains KJ, PDX
Primary
digester
sludge
Acetate, lactate, ethanol. Tween 
2 0
Gram-negative, nitrate 
reducers
Logan et al., 
2 0 0 1 b
Mixed Culture
Seawater and 
saline lake 
water
Acetate Max growth rate for culture at 5% salinity
Logan et a l, 
2 0 0 1 a
Dechlorosoma suillum 
Strain JPLRND 
Dechlorosoma agitata
Groundwater Acetate Achenbach et a l, 2 0 0 1
Citrobacter sp.
. Hydrocarbon 
oxidizing 
bacterial 
cocktail
Yeast extract, acetate
Gram-negative rod, 
facultative anaerobe, salt 
tolerant, CIO4  reduction 
at 5% salinity
Okeke et a l, 
2 0 0 2
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Table 3.2 -  Summary of bioreactor studies used to remove perchlorate from waters.
Type o f  Reactor Feed Water Electron Donor
CIO4 Influent 
Concentration
(m g l ')
CIO4 Effluent 
Concentration 
(mgU')
Reference
Upflow fixed bed reactor using 
diatomaceous earth /Continuously stirred 
tank reactor
Rocket motor 
washout
Brewers yeast 
extract 6000 <300 Wallace etal., 1998
Biological fluidized bed reactor using 
granular activated carbon Groundwater Ethanol 0.04 < 0.004 Catts, 1999
Sand-packed bed reactor Synthetic water Acetate 0.13 < 0.005 Herman and Frankenburger, 1999
Sand and granular activated carbon 
fluidized bed reactors Synthetic water
Methanol, ethanol, 
acetate 6 -7 < 0.004-0.04 Greene and Pitre, 2000
Fixed film reactor packed with celite Synthetic water
Acetate,
bicarbonate,
hydrogen
0.738-0.550 < 0.004 Giblin et al., 2000c
Continuously stirred tank reactor Rocket motor washout Cheese whey, yeast 4000- 11000 < 0.004 to 5000 Coppola, 1999
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Table 3.2 -  Continued.
Fixed film reactor utilizing glass beads Synthetic water Hydrogen 0.74 0.46 Miller and Logan, 2000
Fixed bed reactor utilizing activated 
carbon Synthetic water Acetate 22.5 <0.004 Kim and Logan, 2000
Hollow-fiber membrane-immobilized 
biofilm Synthetic water Hydrogen 1-2.5 0.03 -0.05 Rittman, 2000
Membrane-immobilized biofilm Synthetic water Lactate 100 < 0.005 Batista and Liu, 2000
Upflow packed-bed reactor utilizing sand Synthetic water Acetate 19.6 < 0.004 Kim and Logan, 2000 Kim and Logan, 2001
Biologically active carbon filters Groundwater Acetate, lactate, pyruvate 0.05 < 0.004 Brown et al., 2002
Biological fluidized bed reactor Groundwater Ethanol 0.52 < 0.004 Hatzinger et a i,  2002
Biological fluidized bed reactor using 
granular activated carbon Groundwater Acetic acid, ethanol 14.7 < 0.004 Polk et al., 2002
Hollow-fiber membrane biofilm reactor Synthetic water Hydrogen 0.1 < 0.004 Nerenberg et al., 2002a
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efficiencies of the resin, and the characteristics of the influent water. Two potential 
régénérants for perchlorate-laden resins are either salts or caustic solutions; sodium 
chloride (NaCl), ammonium hydroxide (NH4 OH) and sodium hydroxide (NaOH) have 
been used (Vieira, 2000, Tripp and Clifford, 2000). Typical NaCl concentrations in 
régénérant solutions range from 6-12% (Vieira, 2000). Vieira (2000) used a 1% NaOH 
solution to regenerate the WBAX in his study. The original concentration of the 
régénérant will be diluted in the waste stream as a result of the displacement of the water 
already present in the resin at the onset of regeneration and the rinsing cycle prior to the 
next service cycle. Generally, 3-5 bed volumes (BV) of régénérant are needed for 
regeneration and 2-3 BV of water for rinsing (Clifford, 1990). Thus, the concentration of 
the waste stream will be reduced to approximately 40-50% the original régénérant 
solution. In the case of perchlorate-laden resins, the concentration of brine waste solution 
would be approximately 3-6% NaCl and that of sodium or ammonium hydroxide 
approximately 0.5%. In addition to perchlorate, the waste solutions will contain several 
anions (e.g., nitrate, sulfate, bicarbonate, chlorate) and the constituents (e.g., Na^, Cl', 
N H /, OH ) of the régénérants used.
Ion exchange processes transfer perchlorate to the resin and ultimately to a 
régénérant waste stream. Since perchlorate is easily biologically reduced, biodégradation 
could potentially be used to treat the régénérant waste stream, thus eliminating 
perchlorate from the environment. However, several challenges exist that must be 
overcome before perchlorate-containing IX wastes are successfully treated. The 
régénérant wastes may contain high salinity levels, high pH, and high ammonium levels. 
Only a few studies have investigated the effects of salinity on perchlorate biodégradation.
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Liu (2000) showed that perchlorate biodégradation was extremely hindered by salt 
concentrations as low as 1 % and no biodégradation could be observed in salt 
concentrations above 4%. Coppola (2000) demonstrated that total dissolved solids (TDS) 
concentrations ranging from 2-3% inhibited perchlorate reduction. In a recent paper 
using microbial cultures harvested from saline environments, Logan et al. (2001a) 
showed that growth rates for these microorganisms are significantly hindered by high salt 
concentrations. Optimum growth occurred at 5% salt concentration (0.06 day '); at 9% 
and 11% salt concentration, growth rates decreased to 0.039 day ' . Utilizing the salt- 
tolerant isolate Citrobacter sp., Okeke et al. (2002) observed a 32% reduction of 
perchlorate in one week. Perchlorate biodégradation has been observed in pH values 
ranging from 6  to 8.5, but very little research has been performed on the effects of pH on 
perchlorate biodégradation. Both ammonia (NH3 ) and ionized ammonium ion (NH4 )^ 
have been found to be toxic to microorganisms. Ammonium levels of 3,000 mg L'' 
inhibit anaerobic systems, while approximately 100 mg L"' of ammonia are biologically 
toxic (McCarty and McKinney, 1961). The treatment of several wastes containing high 
concentrations of ammonia (NH3 ) or ammonium (NH4 ^) has been challenging and it is 
still the subject of intense research (Hies and Mavinic, 2000, Yani et al., 1998, Kim et al., 
2000).
The specific objective of this chapter is to consider the feasibility of integrating 
ion exchange and biological reduction in a hybrid system to eliminate perchlorate from 
the environment. Preliminary results on the effects of high salinity and ammonium levels 
on perchlorate biodégradation will be presented and the research direction needed to 
make this system available as a complete technology will be discussed.
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3.2. Materials and Methods
Preliminary testing was performed to determine the influence of NaCl and 
NH4OH on perchlorate biodégradation using a mixed culture of known perchlorate 
degraders.
3.2.1. Microbial Culture
A microbial culture (herein called the BALI culture) was enriched from a returned 
activated sludge sample taken from the Clark County Sanitation District (CCSD) 
wastewater treatment plant in Nevada. This culture, which is made up of mainly gram- 
negative, facultative anaerobes, was successfully used to degrade perchlorate during 
studies of a membrane-immobilized biofilm reactor in 1999 (Lui, 2000). A modified 
version of the nutrient/minerals media devised by Van Ginkel et al. (1995) was used in 
the experiments. The pH was maintained at 7.0 by phosphate buffer. The ratio of lactate 
(300 mg L '') to perchlorate (100 mg L"') maintained in the master culture reactor was 3:1. 
The reactor was incubated anaerobically and continuously stirred at 23 ± 2°C. This 
culture was used as the inoculum to the culture tube experiments performed at different 
levels of salinity and ammonium.
3.2.2. Culture Tube Experiments
In the culture tube testing, the tubes, caps, nutrient/minerals, buffer, lactate, and 
perchlorate solutions were autoclaved prior to their use in the experiments in order to 
avoid contamination by other microorganisms. The buffer and nutrient/mineral media 
were of the same composition as those used in the master culture reactor. The microbial 
inoculum was the BALI culture. The autoclaved medium containing desired amounts of 
nutrients, buffer, perchlorate, and lactate was transferred to 8.5 mL culture tubes.
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Specific concentrations of NaCl (0.5%, 1.0%, and 1.5%) and NH4 OH (0.4%, 0.6%, and 
1.0%) were added to the culture tubes. Prior to addition of these chemicals, the pH of the 
ammonium hydroxide was neutralized to 7.0 by titration with sulfuric acid. Next, the 
desired volume of a suspension of the BALI culture was added to each tube. Microbial 
concentration was measured gravimetrically by using a 0.45 pm acetate membrane filter 
(Osmonics Inc., Minnetonka, MN). The tubes were then capped and maintained in an 
anaerobic hood at 23 ± 2 C for incubation. Five replicate tubes were prepared for each 
perchlorate/salinity and perchlorate/ammonium hydroxide level combination. In addition 
to experimental tubes, two sets of control tubes were added to the experiment; one 
containing no microbes (abiotic control) and another containing no lactate (electron 
donor control). The concentrations of perchlorate, lactate, and microbes (i.e., as 
suspended solids) dispensed into all tubes, except for the controls, were 100 mg L '\  500 
mg L"' and 20 mg L '\  respectively.
At prescribed intervals, the increase in turbidity (optical density) was measured 
directly in the tubes at 600 nm using a spectrophotometer (Spectronic 20, Bausch and 
Lomb, Rochester, New York). Tubes were mixed well before each measurement using a 
Labnet VXlOO vortex mixer. Samples were collected from the culture tubes and 
analyzed for perchlorate using a DX-120 ion-chromatograph with a Dionex lonPac ASH 
4mm (10-32) separation column and lonPac AG-11 4mm (10-32) guard column. The 
eluent for this analysis consisted of a 49 mM sodium hydroxide solution.
3.2.3. Determination of Growth Coefficients
Optical density measurements were used to estimate the growth coefficient of the 
perchlorate-reducing microbes at different salinity and ammonium levels. Only the data
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corresponding to the exponential growth phase was used in the calculations. Any tubes 
possessing data points not comparable to the other tubes in the series were excluded from 
further analysis. For exponential microbial growth, the rate of growth is directly 
proportional to the initial number of microbes present and the growth coefficient can be 
calculated by plotting the logarithm of the absorbance versus time (equation 1). The 
slope of the line is the growth coefficient.
\aA = \nA 4^ + jut ( 1 )
Where, Aq = initial absorbance of the culture tube 
A = absorbance of the culture tube at time t
3.3. Results and Discussion
3.3.1. Composition of Waters Contaminated with Perchlorate
In the United States, there are two types of water contaminated with perchlorate, 
those with very high levels (mg L'* range) and those with lower perchlorate levels (pg L’' 
range). The latter are associated with migratory plumes of groundwater contaminated by 
intensive perchlorate use or manufacturing; while the former are the direct result of 
perchlorate use or manufacturing. The reported composition of several ground and 
surface waters contaminated with perchlorate are depicted in Table 3.3.
The contaminated groundwater at Kerr-McGee (Vieira, 2000), Henderson, 
Nevada, and the rocket manufacturing plants in California (Cox, 2000) contain
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Table 3.3 - Chemical characteristics of waters contaminated with perchlorate.
Location C/0 /
MgL'‘
N O i
m g l ' m g l '
O2
m g l
w
m g l
c r
m g l ' m g l Reference
Edwards Air Force Base 
California 160,000 1 180 2
— 360 6 . 2 Cox, 2000
DOD Site 
West Virginia 1 0 , 0 0 0 4 55
— — 25 6.7 Cox, 2000
Rocket Manufacturing Site 
California 1 ,2 0 0 , 0 0 0 2 75 — — —
— Cox, 2000
Aerojet Superfund Site 
California 15,000 4 40 4 —
— 6 . 8 Cox, 2000
Aerojet
Sacramento, California 3,500,000 1.5 6 — —
— 7.5 Girard, 2000
Groundwater Wells 
Redlands, California 50 61.2 14.9
— — 7 6.9 Gu and Brown, 2000
Kerr McGee Seepage 
Henderson, Nevada
78,000-
3,700,000 51.7 2,069 — 1 0 0 2077 7.85 Vieira, 2000
Big Dalton Site Water Wells, 
California 18-76 20-28 41-67 —
— 20-35 — Calgon Carbon Corporation, 1998
San Gabriel wells 
California 80-200
— — — — — — USEPA, 2002b
Lake Mead, Nevada 8 - 2 0 1-5 250-410 — — 85-172 7.3-S.6 Boralessa and Batista, 
2 0 0 0
U)
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perchlorate concentrations of 160,000-3,700,000 pg L '\  In addition, some of these 
waters have higher levels of sulfate and nitrate. On the other hand, drinking water 
sources contain perchlorate levels of 8 - 2 0 0  pg U ' and sulfate and nitrate concentrations 
below the drinking water standards (250 mg L"' as SO4 , 44.3 mg L'' as NO3’) (Calgon 
Carbon Corporation, 1998, USEPA, 2002b, Gu and Brown, 2002, Boralessa and Batista, 
2 0 0 0 ).
3.3.2. Composition of Waste Stream from Regeneration of Perchlorate-laden IX Resins 
The composition of the IX régénérant solutions resulting from treating these two 
different types of perchlorate-contaminated waters will vary. Table 3.4 depicts actual 
compositions of ion exchange brines generated by treating waters containing both low 
and high levels of perchlorate. As expected, perchlorate concentrations in the brines
Table 3.4 - Actual composition of influent waters and régénérant wastes produced from
the removal of perchlorate by strong base anionic exchange resins.
Drinking Water Well 
(Cahon CorDoration. 1998)
Perchlorate 
Contaminated Ground 
Water (Vieira. 2000)
Salt
ConcentrationInfluent Brine Influent Brine
CIO4  (pgL  ') 18-75 2,000-3,000 -80,000 -500,000 7%
NO3  (m gL ') 22-28 800-1,300 51.7 NA 6 %
S0 4 ‘^ (m gL-‘) 45-60 2,000-3,500 2,069 NA 6 %
from influent waters containing a high initial perchlorate level are much greater than 
those generated from lower initial perchlorate concentration waters. The salt 
concentration in the brines is reduced by 50% of the original brine concentration used 
because of the dilution by rinse water. Although investigations have been conducted
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using caustic solutions to regenerate WBAX, no loading and regeneration using actual 
contaminated waters has been reported. Similar to what is observed for SBAX, the waste 
régénérant will be diluted by the rinse water and the ammonium concentrations reduced 
to approximately 50% of the original concentration. Thus, ammonium concentrations in 
this waste are expected to be around 0.5% when using a régénérant concentration of 1% 
NH4OH. Additionally, the pH of these solutions is expected to be high and neutralization 
with acid will be needed to bring the pH to values amenable to biodégradation. The 
presence of other anions such as nitrate and chlorate in the régénérant solutions will 
imply high costs for electron donors to feed the reduction process, because some of these 
anions are preferentially biodegraded to perchlorate and they too consume electron 
donors.
3.3.3. Effects of Different Levels of Salinity and NH4OH on Perchlorate Biodégradation
Batch tests were conducted to investigate the effects of varying salt and 
ammonium levels on perchlorate reduction. Over a two-week period, transmittance data 
were collected for all culture tubes at the different concentrations of ammonium 
hydroxide and salinity (Appendix A). Regression lines were developed for the various 
NH4OH and salt concentrations by converting these transmittance data to absorbance and 
plotting the natural log of the absorbance versus time (Figure 3.1).
The actual growth coefficients obtained from these graphs are averages of the 
slopes found for comparable culture tubes at each salt and NH4OH concentration. Table 
3.5 lists the growth coefficients found at elevated salt concentrations. A 32% reduction 
in the growth coefficient of this culture was observed at 0.5% salt as compared to the
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Figure 3.1 - Regression lines used to calculate the growth coefficients for microbes at 
different salinity (a, e, f, g) and NH4OH (a, b, c, d) concentrations.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35
Table 3.5 - Growth coefficients for perchlorate-degrading microbes at different NaCl 
concentrations.
Salt
Salt Concentration fi (day') Relative Percent Reduction
0 %* 0.168 0 . 6 8 0 %
0.5% 0.114 0.84 32%
1 % 0.103 0 . 8 6 39%
1.5% 0.097 0.76 42%
*No additional salt was added to the growth medium in the culture tubes. Initial salt concentration present 
in the growth medium was <0.02%.
control (0% salt). The incremental reduction in growth was not significantly greater than 
that for 0.5% in the higher concentrations tested. More than 40% reduction was detected 
for salt levels greater than 1%. These findings demonstrate that perchlorate-reducing 
microorganisms are severely hindered by elevated salt concentrations.
Microorganisms can be classified into one of four categories depending on their 
salt response: (1) extreme halophiles, which grow best in media with 15 -  30% NaCl, (2) 
moderate halophiles, which grow best in media containing 5 -  20% NaCl, (3) slight 
halophiles, which grow optimally under or around the salt concentration found in 
seawater and (1) nonhalophilic bacteria, which grow better without NaCl (Ventosa et al., 
1984). Most known perchlorate degraders (Table 3.1) and the mixed culture used in this 
research were harvested from natural environments, devoid of elevated salt 
concentrations, and are considered nonhalophilic organisms. Bacteria in each of these 
classifications possess highly specific survival mechanisms; however, many of these
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mechanisms are useful only in the organism’s particular salt regime and limit an 
organism to very narrow ranges of NaCl. For instance, both slight and extreme 
halophiles utilize Na"^  gradients in transmembrane nutrient transport and both concentrate 
as an osmoregulatory substance (Vreeland et al., 1983), yet this system in a slight 
halophilic organism will break down when the organism is exposed to high osmotic 
pressure and low water activities. The same holds true for extreme halophiles in a marine 
environment.
When an organism that normally grows in low or no salt conditions is able to 
survive elevated levels of salt, the organism is considered to be salt-tolerant or 
halotolerant. Halotolerant organisms have no absolute requirement for salt greater than 
0.5M NaCl, but can grow at salinities as high as IM NaCl (5.85%) (Reed, 1986). 
Although the growth coefficients calculated for the BALI culture indicate a decrease or 
slow down in bacterial growth, ion chromatograph measurements obtained during the 
experiment show perchlorate continued to be degraded over time by the culture at all salt 
concentrations tested (Figure 3.2). One possible explanation for this could be that some 
of the microorganisms present in the mixed culture were able to acclimate themselves to 
the higher salt concentrations and thus, these acclimated organisms survived and 
continued to metabolize and reproduce. Some of these assumed nonhalophilic organisms 
might possess the characteristic of being somewhat salt-tolerant. Some studies have 
shown that many nonhalophilic bacteria utilize amino acids, particularly glutamic acid 
and proline, for osmoregulation (Vreeland et al., 1983).
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The perchlorate utilization rates given in Figure 3.2 show that as the salinity in the 
media increased, biodégradation of perchlorate decreased. At 0% NaCl addition, 
perchlorate biodégradation rates greater than 1 1  mg CIO4  day'^ were observed. Since the
120
0.29 mg/day100 0.62 mg/day
1.2 mg/day
0.68 mg/dayO)
5.0 mg/day
40 2.7 mg/day>11 mg/day
20
100 200 300 
Time (hours)
400 500 600
^ 1 . 5 %  Salt ^ 1 . 0 %  Salt e — 0.5% Salt e — No Salt
Figure 3.2 - Biological degradation of perchlorate in the presence of different salinity 
concentrations. Biomass concentration is 20 mg U ’ of SS.
first samples taken from the culture tubes containing 0% NaCl were collected 14 days 
into the experiment and no perchlorate was found in the samples, the rate seen in Figure 
3.2 is not totally representative of this culture. Samples would need to be taken 
throughout the experimental period to more adequately assess the ability of this mixed 
culture to biodegrade perchlorate. At 0.5% salt, perchlorate biodégradation was reduced 
by more than 50% to 5 mg CIO4' day'*. In the presence of 1 to 1.5% salt concentrations, 
a reduction of over 90% in the biodégradation rate was observed.
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For the culture tubes amended with ammonium hydroxide, there was a significant 
reduction in the growth coefficients at all concentrations tested (Table 3.6). When the 
level of NH4 OH was increased by 0.4%, a 90% reduction in the growth coefficient could 
be seen as compared to the growth coefficient for the culture exposed to no additional 
ammonium. The same reduction was seen at 0.6 and 1.0% NH4 OH where growth 
coefficients decreased fi’om 0.168 day’' at 0% NH4 OH to 0.012 and 0.016 day'', 
respectively.
Table 3.6 - Growth coefficients for perchlorate-degrading microbes at different 
concentrations of ammonium hydroxide.
Ammonium Hydroxide
NH4OH Concentration 
in the Media H (day')
Relative Percent 
Reduction
0 %* 0.168 0 . 6 8 0 %
0.4% 0.017 0.72 90%
0 .6 % 0 . 0 1 2 0.56 92%
1 .0 % 0.016 0.53 90%
*No additional ammonium was added to the growth medium in the culture tubes. Initial ammonium 
concentration present in the growth medium was 78 mg NH4  ^L"'.
Although the ammonium results seem at first glance very discouraging, one must 
realize the potential concentration of NH4OH in the régénérant wastes will be 
approximately 0.5%. Two of the levels tested were well above this expected 
concentration. For all ammonium hydroxide levels greater than 0.4%, the perchlorate 
biodégradation rate decreased more than 80%; however, biodégradation did occur.
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indicating that acclimation of a microbial culture to biodegrade perchlorate at high 
ammonium levels may be possible (Figure 3.3). The topic o f ammonium toxicity will be
explored further in the following chapter.
1201
0.08 mg/day 1.5 mg/day100
0.67 mg/day 0.64 mg/day
1.9 mg/dayO)
0.81 mg/day
> 11 mg/day
500100 200 300
Time (hours)
400 600
1.0%NH4OH 4*— 0.6%NH4OH * — 0.4% NH40H - - ♦ - ■ N o N h W O H
Figure 3.3 - Biological degradation of perchlorate in the presence of different
concentrations of NH4 OH. Biomass concentration is 20 mg L"' of SS.
In summary, the preliminary results show that the mixed BALI culture was not 
able to biodegrade perchlorate contained in ion exchange waste at acceptable rates. 
Further research should focus on acclimating and/or isolating microbial cultures that are 
salt-tolerant and/or able to biodegrade perchlorate at high ammonium levels. A starting 
point is the use of recently reported marine organisms (Kim et al., 2000) that are capable 
of biodegrading ammonia. Efforts should also be directed towards determining the
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inhibitory kinetics of perchlorate degradation for different levels of salinity and
ammonium.
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CHAPTER 4
INFLUENCE OF AMMONIUM ON THE BIOLOGICAL 
REDUCTION OF PERCHLORATE
4.1. Introduction
In its most recent draft risk assessment for perchlorate (USEPA, 2002a), the 
USEPA proposed a revised reference dose for perchlorate of 0.00003 mg/kg-day, which 
equates to a Drinking Water Equivalent (DWEL) of 1 ppb. With perchlorate 
contamination spread throughout five states in the southwestern US, this revised dose has 
accelerated efforts to find the most favorable and cost effective treatment technology for 
waters contaminated with perchlorate. The frontrunners to date are ion exchange (IX) 
and biological reduction. The concept of combining these two technologies to 
completely remove perchlorate from the environment has been theorized (Gingras et al., 
2002). IX technology would be used to remove perchlorate from waters, followed by 
biodégradation, which would ultimately eliminate perchlorate from the IX waste 
régénérant solutions.
Currently, only strong base anionic ion exchange resins are used in full-scale 
treatment of perchlorate-contaminated ground and surface waters; however, research 
conducted by Batista et al. (2002) has shown that acrylic weak base anionic resins can 
adequately remove this contaminant. In tests performed using an acrylic weak-base resin
41
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(Purolite A-830), more than 2800 bed volumes of a synthetic pure perchlorate solution 
were processed before breakthrough and 900 bed volumes when other anions (NO3 , Cl' 
and 8 0 4 '^) were added to the synthetic perchlorate solution (Batista et al., 2002). Not 
only do these results demonstrate that acrylic weak base resins have a high capacity for 
perchlorate, but regeneration is also possible with either a salt or caustic solution (e.g., 
1% sodium or ammonium hydroxide). These resins differ from strong base anionic 
resins, which can be regenerated with salts only. Batista et al. (2002) using a 1.0% 
NaOH solution achieved complete regeneration of the spent acrylic weak base resin.
Regeneration of spent weak base resins with a caustic solution is significant since 
current disposal of IX brines produced from regenerating strong base anionic resins are 
problematic. Using a 6-12% NaCl solution to effectively regenerate strong base anionic 
resins produces waste brines very high in salt (3-6%, respectively) (Gingras et al., 2002). 
Despite the prevalence of perchlorate reducing microbes (PRMs) in nature and their 
ability to degrade perchlorate at rates comparable to aerobic systems, research has shown 
that many PRMs experience initial inhibition from salt around 0.5% NaCl, with 
biodégradation of perchlorate ceasing at 4% (Liu, 2000, Gingras et a l, 2002), indicating 
these organisms can not tolerate high salt levels. In another series of batch tests 
conducted using PRMs (Gingras et al., 2002), perchlorate biodégradation rates at 0% 
NaCl were greater than 11 mg CIO4' day''. These rates dropped by more than 50% to 5 
mg CIO4' day ' at a salt concentration of 0.5%. In the presence of 1 to 1.5% salt, a 
reduction of over 90% in the biodégradation rate was observed.
Research focusing on the identification of halotolerant microorganisms able to 
degrade perchlorate is still in its infancy. In a study conducted by Logan et al. (2001a),
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perchlorate biodégradation rates for a consortium of bacteria gathered from saline 
environments ranged from 0.06 day ' in 5% salt to 0.039 day ' in 9% salt, indicating 
biodégradation would be too slow for practical use. Okeke et al. (2002) observed 
perchlorate reduction in salt-tolerant bacteria, reporting a 32% reduction of perchlorate in 
one week by the isolate Citrobacter sp. In another study (Gillogly et al., 2001), a 
consortium of bacteria gathered from seawater was used to treat IX waste solutions 
produced from the regeneration of strong base anionic resins using a NaCl régénérant 
solution. While no biodégradation was observed in the waste solution produced from 
using a 6 % NaCl régénérant, biodégradation was seen in waste solutions produced from 
regenerating with a 3% salt solution. The success of these organisms is hard to assess 
since the NaCl concentration of the final waste solution being degraded is not given, only 
the NaCl concentration in the régénérant.
Despite efforts being spent towards biological treatment of IX brines, the 
selection of an acrylic weak base IX resin would eliminate the need for a saline 
régénérant and through the use of ammonium hydroxide régénérant, provide an 
alternative option for biological reduction of the waste solutions. The conditions and 
constituents present in IX waste solutions produced from utilizing an ammonium 
hydroxide régénérant may prove to be more amenable to biodégradation by known 
PRMs.
Using an ammonium hydroxide solution as a régénérant would produce a waste 
solution with ammonium concentrations as high as 0.5% and high pH (Gingras et a l, 
2002). Although biological oxidation (e.g., nitrification) of ammonia, which requires 
aerobic conditions, has proven to be very effective for ammonia removal, anaerobic
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conditions are necessary for perchlorate reduction. Any nitrification of ammonia to 
nitrate would result in high levels of nitrate in the IX waste régénérant solution. Nitrate 
will be utilized as an electron acceptor by microbes preferentially to perchlorate, 
increasing the amount of electron donor (e.g., carbon or hydrogen) needed in a biological 
reactor and reducing the efficiency of perchlorate removal. From literature, the average 
reported pH of perchlorate-contaminated surface and ground waters range from 6.2 to 8 . 6  
(Gingras et a l, 2002). The pH of a 1.0% ammonium hydroxide solution at ambient 
temperature is roughly 11.35, indicating that the largest pH value for an IX waste solution 
produced from regeneration of weak base IX resins would be around 11. Since PRMs 
thrive in the natural environment at normal pH ranges, neutralization of the pH in IX 
waste régénérant solutions would be necessary prior to any biological treatment process. 
This could be achieved through the addition of an acid such as HCl or H2 SO4 . Reducing 
the pH would also affect the distribution of free ammonia (NH3 ) and the ammonium ion 
(NH4 "*') in IX waste solutions. Assuming a lower pH is achieved, a higher concentration 
of ammonium ions would be present. Because ammonium ions do not seem to be as 
toxic as free ammonia, lowering the pH would potentially allow PRMs to tolerate higher 
total ammonia concentrations found in the IX waste solutions. Decreasing the pH as a 
method to avoid ammonia toxicity has been recommended by several authors (Koster, 
1986).
Ammonia is an essential nutrient promoting microbial growth when present in 
concentrations between 50 and 200 mg L'' (Bhattacharya and Parkin, 1989). However, 
this compound becomes inhibitory for many organisms at higher levels. Researchers 
agree that ammonia (NH3 ) is relatively more lethal than the ionized ammonium ion
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(NH4 ^), quoting levels of 100 mg NH3 U ' as biologically toxic in acetate-utilizing 
anaerobic systems (Rittman and McCarty, 2001). The ammonium ion concentration 
found to cause inhibition is much higher, around 3700 mg NlLt"^  L’’ (Rittman and 
McCarty, 2001). When working in systems with pH around 7.0, McCarty and McKinney 
(1961) found that the ammonium ion produced a toxicity similar in nature to that 
produced by other ions in solution; however, as temperature and pH increased, free 
ammonia increased in the system and was significantly more toxic, often causing 
complete system failure.
Free ammonia acts as a weak base (pKy = 4.75) and will remove any free H^, 
increasing the surrounding pH. Sprott and Patel (1986) observed detrimental effects of 
ammonia on the methanogenic bacterium Methanospirillum hungatei. When in the 
presence of elevated levels of NH3 , bacterial cells experienced an efflux of up to 98% of 
the cytoplasmic K^ through an ammoniq/K^ exchange reaction. Ammonia easily enters 
the bacterial cell, which stimulates a hypothesized K^/H^ antiporter, causing cytoplasmic 
K^ to be ejected from the cell and an uptake of protons. Increasing the amount of NH3 
present, the ratio of ammoniain/K’^out becomes greater than unity, suggesting that a passive 
influx of H^ could also occur (Sprott and Patel, 1986). This change in the physiological 
pH of the organism can alter its growth and eventually cause death.
Since ammonia is produced anaerobically from the digestion of protein-rich 
sludges such as poultry manure, piggery and cattle wastes, most research on ammonia 
toxicity was gathered from studying methanogenic bacteria in anaerobic digestion. In 
addition to methanogenic bacteria, some ammonia toxicity data is available on 
heterotrophic communities found in activated sludge processes used to treat nitrogenous
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wastes such as municipal sewage and landfill leachate. Due to the diversity of bacterial 
cultures that have been used in research and the variety of test conditions, the reported 
threshold levels for inhibition and complete failure vary for the different systems. 
Threshold levels for ammonium toxicity in methanogens are reported at levels between 
1700 to 1800 mg N L"' (Koster, 1986, Hashimoto, 1986). In aerobic biological oxidation, 
inhibition of Nitrosomonas by free ammonia occurs in the range of 10-150 mg NH3 L'', 
while inhibition o f Nitrobacter is likely at much lower concentrations of 0.1-1.0 mg NH3 
L"' (Bames and Bliss, 1983). Ammonia threshold levels for denitrifiers are much less 
prevalent in research possibly due to the fact that air stripping processes or biological 
oxidation of ammonia often precede denitrification. Since ammonia is first oxidized to 
nitrate, it is assumed microorganisms conducting denitrification are not exposed to 
elevated levels of ammonia. However, Shiskowski and Mavinic (1998) investigated a 
pre-denitrification system treating high ammonia leachate consisting of an anoxic reactor 
for denitrification followed by an aerobic reactor for biological oxidation of the 
ammonia. The initial feed into the anoxic tank which contained 200 mg N L"' of 
ammonia was supplemented with NH4 CI to obtain ammonia concentrations up to 1200 
mg N L '\  As long as the carbon loading was simultaneously increased, complete 
denitrification continued demonstrating the ability of denitrifiers to withstand high 
concentrations of ammonia. The system eventually experienced failure due to ammonia 
toxicity to the nitrifiers. Similar conclusions that nitrifying organisms seem to be much 
more sensitive to ammonium concentrations than heterotrophic bacteria, both aerobic and 
anaerobic, were drawn by Fang and Yeong (1993).
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If acrylic weak base IX resins are used to remove perchlorate from waters and an 
NH4OH solution used as the régénérant, the ammonia present in the IX waste solutions 
could be removed by air stripping or biological nitrification; however, if the ammonia 
were to remain in the waste solution, perchlorate reducing microbes would be exposed to 
elevated levels of ammonium. Research specifically investigating ammonia toxicity to 
perchlorate reducing microorganisms is warranted and could lead to a better 
understanding of this mixed bacterial population.
The aim of this research is to assess the possibility of using biological reduction to 
remediate ion exchange waste solutions resulting from regeneration with ammonium 
hydroxide. In this research, batch testing was employed utilizing a consortium of known 
perchlorate degraders. The microbial culture was exposed to different levels of NH4OH 
to determine the inhibitory effects of ammonium on perchlorate reduction. Kinetic 
parameters such as specific growth (p) and carbon utilization were used to evaluate the 
biodégradation of perchlorate.
4.2. Materials and Methods
4.2.1. Experimental Set-Up
Batch tests were performed in 28 ml anaerobic culture tubes (Bellco Glass, Inc., 
Vineland, NJ) with butyl rubber stoppers and aluminum seals. All tests were carried out 
at 25“C ± 2 under an anaerobic hood (Coy Laboratory, Inc., Grass Lake, MI). The basic 
medium contained 1.23 g L'' NaC1 0 4  and 1.39 g L’* sodium acetate, yielding a 5:1 carbon 
to perchlorate molar concentration ratio. Approximately 0.27 ml of a nutrient solution 
(0.1 g U ' MgS0 4 *7 H2 0 , 3 mg U ' EDTA, 2 mg U ' ZnS0 4 *7 H2 0 , 1 mg U ' CaCl2 *2 H2 0 ,
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4 mg L ' FeS0 4 *7 H2 0 , 0.4 g L"' Na2 Mo0 4 *2 H2 0 , 0.2 mg L"' CuS0 4 *5 H2 0 , 0.4 mg L ' 
CoCl2 *6 H2 0 , 1 mg U ' MnCl2 *4 H2 0 , 0.1 mg L'' NiCl2 *6 H2 0 , 0.1 mg U ' NaSeOj, and 
0.6 L"' H3 BO3 ) was added to all culture tubes. The pH was fixed at 7.0 using a phosphate 
buffer (2.03 g U ' K2 HPO4 *3 H2 0 , 0.85 g U ' NaH2 ? 0 4 , and 0.5 g L'' NH4 H2 PO4 ). An 
ammonium hydroxide solution was prepared and neutralized to 7.0 by titration with 
sulfuric acid. Specific concentrations of NH4 OH (0.0%, 0.1%, 0.2%, 0.3%, 0.4%, and 
0.5%) were then added to the media. All culture tubes were prepared in duplicate and 
autoclaved prior to inoculation of the biomass. The inoculum biomass used was enriched 
from a return activated sludge sample taken from the Clark County Sanitation District 
(CCSD) wastewater treatment plant in Las Vegas, NV. This mixed culture was 
successfully used in numerous studies and a biofilm reactor requiring the use of known 
perchlorate degraders (Lui, 2000, Gingras et al, 2002). The biomass concentration of the 
mixed culture was measured gravimetrically using a 0.45 pm membrane filter (Osmonics 
Inc., Minnetonka, MN) and 10 mg L'' as suspended solids aseptically transferred to each 
culture tube. In addition to the experimental culture tubes, a set of control tubes were 
prepared containing the autoclaved medium and 0.1% NH4 OH with no biomass (abiotic 
control).
4.2.2. Analytical Methods
At prescribed intervals, the increase in turbidity (optical density) was measured 
directly in the culture tubes at 600 nm using a spectrophotometer (Spectronic 20, Bausch 
and Lomb, Rochester, New York). The culture tubes were mixed well before each 
measurement using a Labnet VXlOO vortex mixer. Samples were collected from the 
culture tubes using a needle fitted with a syringe and analyzed for perchlorate using a
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DX-120 ion-chromatograph with a Dionex lonPac ASl 1 4mm (10-32) separation column 
and lonPac AG-11 4mm (10-32) guard column. The eluent for this analysis consisted of 
a 49 mM sodium hydroxide solution. Soluble COD determinations were also made on 
the collected samples using high range (0-15,000 mg l ') COD vials (Each, Loveland, 
CO).
4.2.3. Determination of Growth Coefficients
Optical density data were used to estimate growth coefficients for the inoculum 
biomass. Data representing the linear portion of the exponential growth rate were used 
for growth coefficient determinations. For exponential growth, the rate of microbial 
growth is directly proportional to the initial number of microbes present. By using 
optical density to predict the increase in the number of microbes at a specific time, the 
growth coefficient can be calculated by plotting the logarithm of the optical density 
versus time. The slope of this line is the specific growth rate (p) of the culture under 
consideration.
4.3. Results and Discussion
Optical densities of perchlorate-reducing microorganisms (PRMs) exposed to 
various levels of ammonium were recorded over time. The measured transmittance 
values are included as Appendix B. From these values, absorbance was calculated and 
plotted as the natural log versus time. The slopes of these regression lines for duplicate 
tests were averaged (Figure 4.1) and used to estimate specific growth rates for PRMs at 
different concentrations of ammonium hydroxide (Table 4.1).
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Figure 4.1 -  Regression lines used to calculate the growth coefficients for perchlorate- 
reducing microorganisms exposed to different levels of NH4OH.
Table 4.1 -  Growth coefficients for perchlorate-reducing microorganisms at different 
concentrations of ammonium hydroxide.
NH4 0 HŒ idedto the Growth Coefficient (day') Value
0.00% 0.63 0.99
0.10% 0.37 0.97
0.20% 0.23 0.91
0.30% 0.14 0.89
0.40% 0.07 0.83
0.50% 0.04 0.84
Abiotic Control - 0.10% 0.00 0.99
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4.3.1. Growth Kinetics
When no additional ammonium hydroxide was included in the media, the growth 
coefficient for the PRMs was 0.63 day''. This growth coefficient was much higher than 
the value found in the experiment performed in Chapter 3 of this thesis (0.2 day ') and the 
value (0.27 day ') reported by Liu (2000). The disparity in growth coefficients for this 
mixed culture of PRMs could be due to the viability of the microorganisms during 
inoculation into the test tubes. Microbes were transferred as suspended solids and the 
ratio of viable to nonviable cells present may have differed between the tests. The 
growth rate of 0.63 day ' for this mixed culture was much lower than results for pure 
cultures. Logan et al. (2001b) reported a growth rate of 3.6 day ' for strain KJ and 5.2 
day~', for strain PDX. Herman and Frankenberger (1999) reported a growth rate of 1.7 
day ' for the bacterial isolate, strain peri ace.
By supplementing the ammonium concentrations already present in the media by 
0.10% NH4OH, the growth coefficient was reduced by approximately 40% to 0.37 day''. 
As the concentration of NH4OH in the media increased, incremental decreases were 
observed in the growth coefficients for the mixed culture. These findings were expected 
based on the documented toxicity of NH3 and NHLj^  to microorganisms. The growth 
coefficient dropped by over 60% with addition of 0.20% NH4OH and decreased by 78%, 
8 8 %, and 94%, respectively, when increments of 0.30%, 0.40% and 0.50% NH4OH were 
added to the growth media. Although the growth rates found in this test varied somewhat 
from those reported in Chapter 3, the 8 8 % decrease in growth rate from optimal 
conditions observed at 0.4% NH4OH was comparable to the decrease of 90% reported in 
the previous experiments.
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Since ammonia is considerably more toxic at lower concentrations than 
ammonium (Rittman and McCarty, 2001), the relative toxicity of the ammonium 
hydroxide added to the media is determined by the amount of free ammonia to 
ammonium ions present. Due to the fact the pH of the media was adjusted to 
approximately 7.0 and all culture tubes maintained at 25°C, the ratio of NH3 to N H / in 
each culture tube (Table 4.2) can be computed using the following relationship: [NH3] 
=0.0055[N H /j (Rittman and McCarty, 2001). As shown in the table, ammonium 
toxicity is generally more significant at pH of 7. As the pH of a solution rises, ammonia 
toxicity becomes the greater threat to microorganisms. From the growth rates calculated
Table 4.2 -  Distribution of ammonia and ammonium ions present in the media at the 
different levels of ammonium hydroxide.
NH4OH added to the Media TotalNH3 Concentration* (mgNHjffi)
Total NH4 Concentration * 
(mgNH4"L-')
0 .0 0 % 0 78
0 . 1 0 % 3 590
0 .2 0 % 6 1 1 0 2
0.30% 9 1614
0.40% 1 2 2126
0.50% 15 2637
*Includes the approximately 78.4 mg N H / L"’ found in the original media.
for PRMs in this test, ammonium inhibition seems to occurs at ammonium concentrations 
of 600 to 2600 mg NHa^ L"'. This range of concentrations is somewhat lower than the 
than the ammonium concentration of 3700 mg NHa^ L'' which was found by McCarty
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and McKinney (1961) to cause inhibition of microorganisms in acetate-fed anaerobic 
systems.
4.3.2. Perchlorate Biodégradation Kinetics
Regardless of the concentration of ammonium hydroxide present, the initial 
perchlorate concentration of 1000 mg CIO4 ' L'' in all culture tubes was completely 
reduced by the inoculum biomass (Table 4.3). The biodégradation rate of the microbial
Table 4.3 -  Perchlorate biodégradation rates for the inoculum biomass at different levels
NH4OH added to the 
Media
Perchlorate Biodégradation 
Rate (mg CIO4' day')
% Reduction in 
Biodégradation Rate
0 .0 0 % 142 0 %
0 .1 0 % 73 43%
0 .2 0 % 71 45%
0.30% 45 65%
0.40% 2 1 84%
0.50% 3 98%
culture not exposed to additional NH4OH was approximately 142 mg CIO4' day ’. At 
NH4OH concentrations of 1000 mg L"’ and 2000 mg L '', this rate dropped to 73 and 71 
mg CIO4’ day'’, respectively. A decrease of 65% was measured in the perchlorate 
utilization rate (45 mg CIO4 day ’) for microbes exposed to 3000 mg NH4OH L'’ and at 
NH4OH concentrations of 0.4% and greater, the rates diminished to 21 mg CIO4' day ’ or 
less. Figure 4.2 depicts perchlorate biodégradation and electron donor (i.e., acetate as 
COD) utilization rates for the inoculum biomass. Both the microbial growth coefficients 
and perchlorate biodégradation rates indicate that, although detrimental, ammonium 
concentrations of 600 -  2600 mg L'’ are not toxic to PRMs.
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Figure 4.2 -  Biodégradation of perchlorate (mg day"') and carbon usage (mg day'*) by 
inoculum biomass exposed to different concentrations of ammonium 
hydroxide. ( •  COD, + CIO4 ).
Perchlorate biodégradation rates observed in this study were calculated over the 
period of time needed to biologically reduce 1000 mg L'* of perchlorate to undetectable 
levels. Since all perchlorate was reduced in every one of the culture tubes, this period 
differed according to the amount of ammonium hydroxide present in each tube. For 
culture tubes at 0.0 and 0.1% NH4 OH, this period was 7 days. The level of perchlorate
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went to below detection at 11 days for media amended with 0.2% NH4 OH and 
approximately 35 days for the three highest levels of NH4 OH tested. At NH4 OH 
concentrations of 0.3, 0.4 and 0.5%, a lag period consisting anywhere from 14 to 20 days 
can be seen. After this period, perchlorate reduction rates increased until all perchlorate 
was reduced.
Instead of using the whole sampling period, perchlorate degradation rates for the 
inoculum biomass exposed to 0.3% ammonium hydroxide (Figure 4.3) were calculated 
between some of the sampling points. Minimal perchlorate degradation (12.5 mg CIO4 '
1200
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200
0.0 10.0 20.0 
Time (days)
30.0 40.0
Figure 4.3 -  Biodégradation of perchlorate (mg day'*) for inoculum biomass exposed to 
0.3% ammonium hydroxide.
day ) occurred during the first 14 days of exposure (points A to B). At this point, the 
rate of biological reduction increased over the next six days to approximately 115.4 mg 
CIO4' day'* (points B to C), which is only a 19% decrease in the biodégradation rate
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observed for this culture at 0% NH4OH. This lag in biodégradation suggests that an 
acclimation period may be necessary for biodégradation to proceed at rates comparable to 
those at 0% ammonium hydroxide.
McCarty and McKinney (1961) surmised that bacteria were able to acclimate to 
the toxic effects of NH4CI, ruling out chloride as the toxic component and presuming all 
toxicity came from the ammoniacal species present. With methanogenic bacteria, Webb 
and Hawkes (1985) demonstrated not only acclimation to higher concentrations of 
ammonia, but found that the degree of ammonium toxicity is affected by the presence of 
other cations, which may show synergistic or antagonistic effects. With sufficient 
acclimation time, Bhattacharya et al. (1989) found that methanogenic bacteria could 
tolerate a total ammonia concentration of up to 5000 mg L *. Although the work of this 
research does not involve methanogenic bacteria, the results indicate that acclimation to 
high levels of ammonia may be possible for PRMs and that typical CIO4' biodégradation 
rates can be resumed after acclimation.
Whether the adaptation of mixed cultures to elevated levels of ammonia results 
from a physiological change in the bacteria or change in the distribution of species in the 
culture is not fully known. Working with pure cultures of methanogenic bacteria, Sprott 
and Patel (1986) concluded that acclimation is not an adaptation period where organisms 
change to meet the conditions of the environment, but that a period of recovery was more 
likely to represent the growth period required to select for those organisms in the mixed 
culture possessing resistance to ammonia. Conversely, Koster (1986) found through the 
analysis of kinetic data that adaptation was the result of a metabolic change in the 
methanogenic bacteria already present, rather than growth of new bacteria. He estimated
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the time needed to change their metabolism in such a way that the initially toxic 
ammonium-nitrogen concentration could be tolerated was approximately 50 days (Koster, 
1986).
4.3.3. Carbon Utilization Kinetics
In addition to perchlorate biodégradation rates, the rate of carbon usage can also 
be seen in Figure 4.2. The growth media in all culture tubes initially contained 
approximately 5000 mg L * of acetate. A reduction of acetate as COD was observed in 
all the culture tubes at each of the different ammonium hydroxide concentrations. The 
perchlorate-reducing microorganisms in the culture tubes with no additional NH4OH 
were ahle to utilize carhon at an approximate rate of 354 mg of acetate as COD day *. At 
0.1% NH4OH, this rate stayed roughly the same, increasing to 383 mg acetate day *. For 
the remaining culture tubes at 0.2%, 0.3%, 0.4% and 0.5%, the carbon usage rates were 
109, 30, 49 and 49 mg of acetate as COD day'*, respectively. These measurements also 
establish that enough acetate was present in all of the culture tubes and inhibition of 
perchlorate biodégradation was not due to limited carbon source.
4.4. Conclusions
The growth data from this investigation using a mixed culture of known 
perchlorate degraders suggests that these microorganisms are inhibited by elevated 
concentrations of ammonium hydroxide. Growth rates at only 0.1% show a substantial 
decrease of 40%, with higher levels of NH4OH resulting in further reduction of these 
rates. Notwithstanding, the mixed culture continued to degrade perchlorate in the media 
to undetectable levels at every level of NH4OH tested, suggesting that acclimation of
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PRMs may be possible. This is further supported by longer lag times observed for 
perchlorate degraders exposed to higher levels of NH4OH and the increase in perchlorate 
biodégradation rates found subsequently to these lag periods.
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CHAPTER 5
THE EFFECTS OF HIGH CONCENTRATIONS OF PERCHLORATE ON 
A CONSORTIUM OF PERCHLORATE-REDUCING BACTERIA
5.1. Introduction
For over a century, perchlorate salts, such as ammonium and potassium 
perchlorate, have been used extensively as components in various explosive mixtures. 
This prolific use has ensured their place as an integral asset to our nation’s strategic 
defense system and space exploration. Approximately 90% of the US-manufactured 
perchlorate, primarily in the form of ammonium perchlorate (NH4 CIO4 ), is used as the 
main ingredient in solid rocket fuel. A majority of the remaining 10% is used in military 
and civilian explosives, munitions and pyrotechnics (Siegel, 2002). These salts maintain 
certain advantages over dynamite and other nitroglycerine explosives because they are 
safer to handle, less sensitive to shock, less affected by freezing, and free from exudation 
in warm climates (Schlit, 1979).
Ammonium perchlorate is well known for its high energetic content and slower 
bum rate. It is this slow bum rate that makes ammonium perchlorate ideal for its use as 
an oxidant in propellants and explosives, allowing nearly uniform acceleration in 
propulsion of rockets, missiles, aircraft and other projectiles. A single rocket booster for
59
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the space shuttle contains approximately 500,000 kg of propellant, of which 70 percent is 
ammonium perchlorate (Hatzinger et al., 2002).
Perchlorate salts typically exist as stable white, crystalline material under 65°C 
(Shanahan et al., 1996). In rockets and missiles, these finely ground, crystalline particles 
are dispersed throughout a polymer matrix, which acts as the fuel that reacts with the 
oxidizer. These salts are highly soluble and dissociate readily in water (Table 5.1). The 
resulting perchlorate anion is non-volatile and extremely mobile in aqueous systems.
Table 5.1 -  Physical characteristics of some perchlorate salts.
Perchlorate Salts MolecularWeight
Solubility 
(g/100 g  water) Density
Ammonium perchlorate (NH4 CIO4 ) 117.49 24.922 1.952
Potassium perchlorate (KCIO4 ) 138.55 2.062 2.529
Sodium perchlorate (NaC1 0 4 ) 122.24 209.6 2.499
Although the perchlorate ion is a powerful oxidizing agent, its redox reactions are 
relatively slow due to the ion’s short, very strong halogen-oxygen bonds and the fact that 
this anion does not exchange its oxygen atoms with water at a measurable rate (Shriver, 
1990). The perchlorate molecule is structured such that the four oxygen atoms surround 
a central chlorine atom, effectively blocking reducing agents from directly attacking the 
chlorine. Resistance to reaction with other available constituents allows perchlorate to 
persist in the environment for decades. However, once a reaction has been initiated by 
mechanical action, heat, or static electricity, this compound detonates readily, with great 
force. The decomposition reaction of ammonium perchlorate below 300°C is described 
by the following equation:
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4 NH4 CIO4  -+ 2 Cl2  + 8  H2 O + 2  N2 O +3 O2 (Schlit, 1979)
Thermal decomposition of this compound yields oxygen and the respective chlorine, very 
similar to sodium and potassium perchlorate.
Perchlorate is found naturally in Chilean caliche which is mined for its use in 
agricultural fertilizers, yet most of the unwanted perchlorate found in the environment 
today is a result of contamination from the use and manufacturing of perchlorate salts. In 
the Spring of 1997, an analytical method that could detect perchlorate down to 4 ppb 
level became available. When tested, widespread contamination of perchlorate was 
discovered in many ground and surface waters throughout the United States. By May of 
that same year, the USEPA hegan evaluating the human health and ecotoxicological 
effects of potential perchlorate exposures. As a result of these evaluations, the National 
Center for Environmental Assessment (NCEA) released an external review draft of their 
findings in 1999. Although this draft found that exposure to high levels of perchlorate 
adversely affects humans by blocking the uptake of iodide by the thyroid, scientists were 
struggling to determine whether exposure to minute amounts of the compound would 
produce long-term detrimental effects in humans. Three years later in January 2002, the 
USEPA draft was revised to include additional studies and analyses made during a 
scientific peer review. This most recent draft of the NCEA report recommended a 
standard of 1 ppb for perchlorate in drinking water, making remediation of contaminated 
water sources a major concern (USEPA, 2002a)
As of September 2002, perchlorate had been found in 292 drinking water sources 
in California, primarily in southern California and Los Angeles County (CDHS, 2003). 
Remarkably, measurable quantities of perchlorate have also heen identified in large
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surface water bodies, including Lake Mead and the Colorado River. Most perchlorate 
contamination has heen detected at facilities that use and test large solid rocket motors, 
such as ballistic missile and Space Shuttle boosters as well as other military facilities that 
handle smaller tactical systems, including the Massachusetts Military Reservation, Naval 
Weapons Industrial Reserve Plant, TX, Aberdeen Proving Ground, MD, Edwards AFB, 
CA, Longhorn Army Ammunitions Plant, TX, and Ft. Wingate, NM (Siegel, 2002). In 
addition, there are at least eight rocket motor production facilities, two perchlorate- 
manufacturing facilities, and many ordnance production plants in the United States 
(USDOD, 2000). Due to intentional or unintentional release, many of these production 
plants have been cited as sources of contamination.
One reason for the widespread perchlorate contamination and a major drawback 
to its use as a propellant is its limited shelf life. Solid fuels in missiles and rockets must 
be periodically removed and replaced. Up until the enactment of the Clean Air Act in 
1970, static firing of fiieled rocket motors and open-burning, open-detonation (OB/OD) 
of the fuel were accepted methods of disposal for spent perchlorate. These OB/OD 
disposal bums produced exhaust gases such as hydrogen chloride, nitrogen oxides, and 
various hydrocarbons. OB/OD was performed in an open pit where the propellant was 
allowed to bum in an uncontrolled manner. In addition to products of combustion being 
released untreated into the atmosphere, uncontrolled buming often resulted in 
contamination to the surrounding area by the fuels containing ammonium or potassium 
perchlorate. Since the 1970 Clean Air Act, spent perchlorate is washed from rocket and 
missile casings using high pressure water, resulting in a waste stream containing high 
concentrations of perchlorate (Hatzinger et a l, 2002). Researchers are looking into
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recycling some of the more concentrated ammonium perchlorate solutions, while more 
dilute solutions (less than 10% by weight) are sewered to water treatment facilities or 
dumped in certified, lined ponds (Shanahan et al., 1996).
In the effort to find a suitable method to remove perchlorate from water, many 
technologies are being researched. One of these technologies, biological degradation of 
perchlorate, has shown much success. Numerous microorganisms are able to reduce 
perchlorate under anaerobic conditions (Rikken et ah, 1996, Wallace et al., 1996, Coates 
et al., 1999, Achenbach et al., 2001). These microorganisms grow on inorganic or 
organic substrate (e.g., hydrogen, acetate, cheese whey), while perchlorate functions as 
the terminal electron acceptor (Figure 5.1). The enzymatic pathways involved in
CO2, H2O CO2, H2O
Carbon Biomass Carbon Biomass 
Source '
C104' >  CIO,
C0 2 , H2 0  
Carbon Biomass 
Source^  y y .
ClOf -------► C I + O 2
Carbon- 
Source
CO2, H2O 
Biomass
Figure 5.1 -  Pathway used by microorganisms to degrade perchlorate.
perchlorate reduction are not yet fully known, however, a perchlorate reductase enzyme 
appears to catalyze an initial two-step reduction of perchlorate (CIO4  ) to chlorate (CIOs') 
and then to chlorite (CIO2 ") (Polk et ah, 2002). Chlorite is a known inhibitor of microbial 
activity, yet the transformation of chlorite to chloride and oxygen is believed to be an
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non-energy yielding enzymatic detoxification mechanism that protects the cell and allows 
the bacterium to use perchlorate as an electron acceptor (Herman and Frankenberger,
1999). This process is very similar to denitrification where nitrate serves as the terminal 
electron acceptor and is reduced to nitrogen gas.
With the identification of organisms able to reduce perchlorate, many different 
reactor types have been explored using both pure and mixed microbial cultures (Table 3.1 
and 3.2). Since much attention focused on contaminated drinking water supplies, most of 
the microbial cultures studied and anaerobic reactors investigated centered on perchlorate 
reduction in waters containing perchlorate levels in the ppb or pg L * range, resulting in a 
lack of research into the effects of high concentrations of perchlorate on perchlorate- 
reducing bacteria. However, wastewaters produced from the manufacturing, 
maintenance, and testing of solid rocket propellants contain NH4CIO4 in the ppm or g L'' 
range and increased regulatory constraints have made disposal of these waste streams a 
major problem. Currently, they are treated as hazardous wastes at a cost in excess of 
$1.00 per gallon (USDOD, 2000), which is very expensive considering initiatives like the 
Minuteman II propulsion remanufacture program will remove over 35 million pounds of 
propellant from 1,200 first and second stage motors over the next few years (USDOD,
2000).
Investigating the feasibility of the biological reduction of perchlorate at high 
perchlorate concentrations (e.g., >1000 mg CIO4  L'*) provides a proactive approach to 
perchlorate waste management. In addition to the wastewaters generated from propellant 
and pyrotechnic operations, most treatment technologies (e.g., membrane filtration, ion 
exchange) used for remediation of low-level, perchlorate-contaminated waters
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concentrate perchlorate, producing waste streams with higher levels of perchlorate that 
must also be cleaned.
The purpose of this research was to expose an enrichment culture of known 
perchlorate-reducing bacteria to high concentrations of perchlorate and to assess their 
ability to biodegrade the contaminant in this environment. Kinetic parameters such as 
specific growth rate (p) and perchlorate utilization rate were explored to determine what 
effects perchlorate concentrations in excess of 1000 mg CIO4' L * would have on these 
microorganisms.
5.2. Materials and Methods
Three similar, yet independent, hatch tests were performed employing a 
population of bacteria known to biologically reduce perchlorate. In all tests, the basal 
media remained constant, while the carbon source (i.e., electron donor) and 
concentrations of perchlorate tested varied. An explanation for the use of different 
carbon sources will be given in section 5.3.2.2. Table 5.2 summarizes the parameters 
used in each o f the three tests.
5.2.1. Inoculum
The microbial culture used in these experiments was enriched from an activated 
sludge sample collected in 1999 from the Clark County Sanitation District wastewater 
treatment plant in Las Vegas, Nevada. Gram-stain photomicrographs of this culture show 
that it is a mixed culture containing gram-positive and gram-negative microorganisms; 
the latter being dominant (Liu, 2000). The culture consists of facultative anaerobes, 
which possess a reddish coloration characteristic of many of the perchlorate-reducing
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bacteria found in research (Bruce et al., 1999, van Ginkel et al., 1996, Wallace et al., 
1996). The majority of microorganisms are motile rods.
Table 5.2 -  Parameters used in testing the effects of high levels of perchlorate on a
Parameter Test One Test Two Test Three
Carbon Source Acetate Acetate Tween 40
Concentrations of 
CIO4 ' Tested 
( mg L ' )
10, 30, 50 
300,5000 1000,2000 3000, 4000 
5000, 10000
300, 1000 
2000, 3000
20000, 60000 
100000
4000, 5000 
10000
Carbon to CIO4  Mass 
Ratio 3:1 3:1 5:1
Microbial
Concentration 8 20 20
(mg L"' as SS)
# of Replicates Used 3 2 2
Test Duration (days) 7.5 12.6 34
The stock microbial culture was maintained in two continuously stirred master 
culture reactors (MCRs) inside an anaerobic hood (Coy Laboratories, Inc., Grass Lake, 
MI). Biweekly, each of the reactors was provided with 100 mg of perchlorate, 500 mg of 
an organic substrate and 10 ml of the phosphate buffer used in this study. The substrate 
provided to each MCR differed; acetate was provided in the first reactor and Tween 40 
(polyoxyethylene sorbitan monopalmitate), a surfactant made up of 90% palmitic acid, 
was used in the second. All electron donors and acceptors were prepared as aqueous 
stock solutions. Prior to feeding the reactors, the same volume was wasted from the 
reactor to maintain a total volume of one liter. Every third month, two-thirds of each
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culture was wasted and replenished with deionized water containing a phosphate buffer 
and nutrient and mineral solution.
Prior to each test, the dry weight of the culture was measured by filtering a sample 
of the microbial suspension from the MCR through a preweighed 0.45 pm membrane 
filter. The dry weight of the biomass was then determined gravimetrically after the filter 
had been dried at 105°C for 90 minutes. These measurements were used to determine 
the volume of microbial suspension needed as the inoculum for each test based on the 
desired microbial concentration (Table 5.2.).
5.2.2. Medium and Stock Solutions
The basic medium contained a phosphate buffer solution and a mineral and nutrient 
solution (Table 5.3). Stock solutions were prepared with deionized water at
Table 5.3 -  Composition of basal medium used to maintain stock cultures of known 
__________ perchlorate degraders and in batch testing of these cultures.___________
Phosphate Buffer Solution 
g L '
Nutrient and Mineral Solution
mg L"'
K2HP04*3H20 2.03 MgS04*7H20 1 0 0
NaH2?04 0.85 EDTA 3
NH4H2PO4 0.5 ZnS04*7H20 2
CaCl2*2H20 1
FeS04*7H20 4
Na2Mo0 4 *2 H2 0 0.4
CuS04*5H20 0 . 2
CoCl2*6H20 0.4
MnCl2*4H20 1
NiCl2*6H20 0 . 1
NaSeO] 0 . 1
H3BO3 0 . 6
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concentrations of lOX arid lOOX, respectively. Stock solutions were then diluted with 
deionized water to appropriate concentrations in the test bottles.
Sodium salts of perchlorate and acetate were used to prepare concentrated stock 
solutions that were used in Tests One and Two. For Test Three, an 8 % Tween 40 solution 
was achieved by adding 80 g of Tween 40 to 1 liter of deionized water. The pH of the 
solution was adjusted to 6 . 8  with potassium hydroxide using a Coming pH/ion meter 450 
with an Orion combination pH 91-56 probe. Despite continuous stirring, the solution 
seemed cloudy, however, upon autoclaving the final solution was clear. Towards the end 
of Test Three, test bottles containing perchlorate concentrations of 4000, 5000 and 
10,000 mg CIO4  L'* were observed to have a white, cloudy appearance similar to what 
was seen in the stock solution prior to autoclaving. The cloudiness was believed to be a 
consequence of poor émulsification of Tween 40 at high concentrations. Calcium 
carbonate is often added to agar to increase the solubility of Tween 40 (Unz, 2002).
5.2.3. Batch Testing
To ensure sufficient volume of the test culture was available for sampling, batch 
tests were carried out in glass bottles (Wheaton Scientific, Millville, NJ) fitted with 
rubber septa screw caps. In Tests One and Two, all bottles were filled with media and 
the appropriate amounts of acetate and perchlorate. The mass ratios of carbon to 
perchlorate for each of the tests are listed within Table 5.2. To ensure the media was in a 
pH range of 6 . 8  - 7.2, measurements were taken of all test bottles prior to autoclaving and 
no pH adjustment was needed. All bottles were then autoclaved, cooled, and inoculated 
with the stock culture of acetate-fed, perchlorate-reducing microorganisms. An abiotic 
control was prepared, autoclaved and inoculated with sterile DI water. Test bottles were
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maintained at 25“C ± 2 under an anaerobic hood for the duration of the experiments. All 
sample collection took place under the anaerobic hood. Sampling procedures included 
vigorously shaking each bottle and extracting 5 ml of the medium. Immediately 
following sample collection, absorbance measurements were taken and the samples were 
filtered through a 0.45 pm membrane filter and refrigerated for later analysis.
In Test Three, where Tween 40 was used as the carbon source, all bottles were 
autoclaved after perchlorate and Tween 40 were added to the media. The microbial 
culture used in this test originated from the reactor supplied with Tween 40 as the 
electron donor. The abiotic control was prepared as in Tests One and Two by adding 
sterile DI to the media in lieu of the inoculum. Incubation and sampling of the test 
bottles was carried out in the same manner, except test bottles were inverted three times 
to facilitate mixing of the sample and not shaken vigorously, which resulted in a foamy 
solution caused by the surfactant. Tween 40.
5.2.4. Analytical Techniques
Growth (absorbance) of the microbial culture at various perchlorate levels and on 
different substrates was determined by measuring the increase in turbidity of the test 
bottles at 600 nm with a spectrophotometer (Spectronic 20, Bausch and Lomb, Rochester, 
New York). Growth rates were calculated from logarithmically plotted growth curves. 
Perchlorate concentrations were determined by using a DX-120 ion chromatograph 
equipped with a Dionex lonPac ASH 4mm (10-32) separation column and lonPac AG- 
11 4mm (10-32) guard column. The eluent for this analysis consisted of a 49mM sodium 
hydroxide solution. The method detection limit was 5 pg CIO4  L'  ^ with calibration 
standards for perchlorate having > 0.998.
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5.3. Results and Discussion
5.3.1. Selection of Perchlorate Concentrations to be used in Toxicity Testing
A review of past research related to perchlorate-reducing microorganisms and 
biological reactors used for the reduction of perchlorate was made in order to gain insight 
into what levels of perchlorate, if any, may be inhibitory or toxic to the biological 
degradation of perchlorate. In a patent Korenkov et al. (1976) received for their work in 
identifying the perchlorate-reducing microorganism Vibrio dechloraticans Cuznesove B- 
1168, perchlorate concentrations of 300 mg CIO4' L'  ^were degraded by the pure culture. 
Although Shanahan et al. (1996) identified this level of perchlorate as the maximum 
tolerable CIO4' concentration for this microorganism, review of the patent does not 
suggest that higher levels of perchlorate were tested.
While investigating the transformation of perchlorate to chloride in strain GR-1, 
Rikken et al. (1996) documented reduction of perchlorate by this microorganism at 
concentrations ranging fi-om 800 to 2100 mg CIO4' L '\  Bruce et al. (1999) isolated 
another microorganism strain CKB, a member of the beta subclass of the Proteobacteria. 
The authors report that strain CKB was able to use perchlorate as an electron acceptor 
and grew in perchlorate concentrations ranging from 100 to 2000 mg CIO4 L '\ 
Although perchlorate is listed as one of the electron acceptors used by this 
microorganism, the authors do not clearly state whether perchlorate was actually tested in 
their study. Their procedures indicate strain CKB was grown with chlorate, Fe(III), 
Mn(IV), and sulphur as electron acceptors. Similarly, Coates et al. (1999) infer the 
ability of Dechlorimonas agitatus strain CKB to degrade perchlorate based on chlorate 
reduction, reporting a concentration of 1000 mg CIOs'U ' in the medium used.
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Perchlorate feed concentrations for bioreactor studies range from 0.13 to 1500 mg 
ClOf L"' (Logan, 2001). Wallace et al. (1998) were among the first to examine a fixed 
film reactor for perchlorate removal. Perchlorate concentrations supplied to this reactor 
ranged from 1500 mg CIO4 ' L’' to less than 100 mg CIO4 ’ L"'. Other researchers (Miller 
and Logan, 2000, Kim and Logan, 2000a, Giblin et al., 2000, Herman and 
Frankenberger, 1999) were able to degrade perchlorate using both organic and inorganic 
substrates, simulating feed concentrations comparable to contaminated drinking water 
levels in the ppb range. In California and Texas, two full-scale fluidized bed reactors are 
currently treating perchlorate-contaminated groundwater containing on average 15 mg 
CIO4 L"' (Polk et al., 2002, Hatzinger, 2002). Bacteria present in these reactors are 
reducing perchlorate concentrations below the analytical reporting limit of < 4 pg CIO4 ' 
U '.
Attaway and Smith (1993) were able to develop a stable microbial culture capable 
of degrading perchlorate at higher concentrations. The mixed microbial culture, enriched 
from an anaerobic sludge sample, was able to tolerate up to 60 mM of perchlorate (5967 
mg CIO4' L''), representing a twenty-four fold increase over levels previously reported in 
literature (Attaway and Smith, 1993). No perchlorate reduction was observed in two 
higher concentrations of perchlorate that were tested (7707 and 10,323 mg CIO4 L’’). In 
1994, Attaway and Smith were awarded a patent for their work with the bacterium, HAP- 
1, and its use in an anaerobic reactor reducing perchlorate. In the patent, the authors state 
that HAP-1 is capable of actively degrading perchlorate concentrations as high as 7750 
mg CIO4 L"’ (Attaway and Smith, 1994). Shanahan et al. (1996) employed this 
microorganism in a continuous flow bench-scale system for the treatment of ammonium
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perchlorate waste streams. Maximum degradation rates of 414 mg CIO4 day ’ were 
achieved in the reactor. This rate decreased by over 75% to 135 mg CIO4 day'* when 
perchlorate concentrations were increased to 5600 ppm. Data for feed concentrations of 
8900 ppm show perchlorate reduction did occur, however, degradation rates declined to 
87 mg CIO4 day"' (Shanahan et al., 1996).
The expertise gained from these successful bench-scale studies was applied to 
prototype biodégradation treatment plants at Tyndall Air Force Base, FL, and Thiokol 
Corporation production facility in Brigham City, Utah. These plants treat ammonium 
perchlorate process wastewater and secondary waste brine streams associated with 
production, remanufacturing, testing and demilitarization. Despite the success of these 
prototype plants, the concentrated perchlorate waste had to be diluted by 5-20%, in order 
to decrease initial perchlorate concentrations (2,800 to 41,000 ppm) to acceptable feed 
concentrations between 300 and 4,600 ppm for the anaerobic system (USDOD, 2000).
Research shows most perchlorate-reducing bacteria thrive in perchlorate 
concentrations from 100 to 5000 mg CIO4" L"' and that concentrations up to 9000 mg 
CIO4' L ' may be tolerated. Obviously, the type of microorganism present, type of 
reactor used, and other constituents in the waste will affect the degradation of 
perchlorate. However, the high concentrations of perchlorate present in ammonium 
perchlorate process wastewater and secondary waste brines validate the need to 
investigate a maximum tolerable limit for perchlorate-reducing cultures to ammonium 
perchlorate. In this research, the concentrations of perchlorate chosen for testing 
revolved around 9000 mg CIO4’ L '\  starting with a broader range and eventually 
narrowing this range down based on subsequent test results.
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5.3.2. Toxicity Testing
Raw transmittance data for Tests One, Two, and Three are included as 
Appendices B, C and D, respectively.
5.3.2.1. Test One -  Acetate as Electron Donor
For all perchlorate concentrations at and above 5000 mg CIO4’ L '\  no growth was 
observed in any of the test bottles. However, growth in biomass and reduction of 
perchlorate were seen in test bottles having perchlorate concentrations of 10, 30, 50, and 
300 mg CIO4' L '\  Specific growth rates for the inoculum were obtained from plots of the 
logarithmic of absorbance with time (Figure 5.2). Only data representing the exponential 
growth phase of the organisms were used to find the specific growth rates of the 
microbial culture at different perchlorate concentrations. At these low concentrations of 
perchlorate, exponential biomass growth did not occur immediately. A lag in growth of 
approximately 24 hours was observed. Growth rates at the three lowest concentrations of 
perchlorate (10, 30 and 50 mg CIO4' L'*) were very similar, while the growth rate at 300 
mg CIO4 L"' (a six-fold increase in CIO4' concentration) was slightly higher, increasing 
by roughly 30%. (Table 5.4). A decline in the growth rate of perchlorate-reducing 
cultures at very low concentrations of perchlorate (< 100 pg CIO4 L’’) has been observed 
in research utilizing these microorganisms in both batch testing and bench-scale reactors 
(Liu, 2000, Logan, 1998, Adham et al., 2002, Mulvaney, 1999. Miller and Logan, 2000). 
Logan (1998) surmised that for reactors used to treat these very low concentrations of 
perchlorate in water, it may be necessary to include a system to regenerate the 
perchlorate-reducing microorganisms by taking the system off line and feeding the 
reactor high concentrations of perchlorate and an oxidizable substrate.
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Figure 5.2 -  Regression lines used to calculate the growth coefficients for perchlorate- 
reducing microorganisms in Test One.
Table 5.4 -  Growth coefficients for the inoculum in Test One.
Perchlorate Concentration 
(mgU')
Growth Coefficient, // 
(day‘) Value
10 0.36 0.71
30 0.45 0.74
50 0.39 0.68
300 0.62 0.81
Perchlorate degradation rate data gathered in Test One are shown in Figure 5.3. 
Comparable to findings made by Liu (2000) when working with this same mixed culture, 
all perchlorate was reduced in approximately two days at concentrations of 10, 30 and 50
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mg CIO4 L"\ The biodégradation rates (5.6, 12.8, and 25.0 mg CIO4' day"', respectively) 
increased as the perchlorate concentration in the test bottles increased. Mulvaney (1999) 
experienced the same increase in perchlorate reduction rates when higher concentrations 
of perchlorate were supplied to an actively growing culture. As expected, a perchlorate 
degradation rate of 73.9 mg CIO4' day'* was observed at the highest available perchlorate 
concentration of 300 mg CIO4 L'*.
Perchlorate Biodégradation (Test One)
350
- B -  10 m g L-1
300
- A -  50  m g L-1 
' 3 0 0  m g L-1250
O) 200
150
100
— -s-
Time (Day)
Figure 5.3 -  Perchlorate degradation for the microbial culture studied in Test One.
5.3.2.2. Test Two -  Acetate as Electron Donor
Due to the fact perchlorate reduction was observed in Test One at perchlorate 
concentrations ranging from 10 to 300 mg CIO4 ' L'* and no reduction was seen at 
perchlorate concentrations over 5000 mg CIO4 ' L'*, an effort was made in Test Two to 
investigate perchlorate reduction at concentrations between 300 and 5000 mg CIO4  L'*.
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Since growth of this mixed culture at a perchlorate concentration of 1000 mg CIO4  L'* 
was observed previously when studying the effects of high ammonium concentrations 
(Chapter 4), perchlorate concentrations of 1000, 2000, 3000, 4000, 5000 and 10,000 ppm 
were chosen for consideration in Test Two.
Only at a perchlorate concentration of 1000 ppm was biomass growth and 
perchlorate reduction readily observed (Figure 5.4). In the previous ammonium
C I A  D I B1000 mg C IO / L
0.5
y = 0.42X - 3.00 
= 0.949i -0.5
y = 0.42X - 3.08 
= 0.94
- 2.5
- 3.5
Time (day)
Perchlorate Biodégradation
1250 1---------
1000
D)
® 250
Time (day)
Figure 5.4 -  Plots for specific growth rate of the microbial culture (A) and perchlorate 
reduction (B) at 1000 mg CIO4 ' as observed in Test Two.
experiment discussed in Chapter 4 of this thesis, the growth coefficient obtained for the 
microbial culture exposed to 0% NH4OH at a perchlorate concentration of 1000 mg CIO4  
L '’ was 0.63 day’’. In Test Two, the growth coefficient obtained for the inoculum at this
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same perchlorate concentration was 0.42 day’’. In addition, the perchlorate reduction rate 
of 135 mg day'^ found at 1000 mg CIO4 L’’ in this test was comparable to the rate found 
in the ammonium experiment at 1000 mg CIO4' L‘* (145 mg day '). At a perchlorate 
concentration of 2000 ppm, the growth rate for the inoculum declined to 0.01 day ' and 
perchlorate reduction over the two weeks sampled was less than 16 mg CIO4 day '. All 
other perchlorate concentrations in Test Two yielded no growth or reduction in 
perchlorate.
Since the aqueous stock solutions of acetate and perchlorate were both made from 
their respective sodium salts, the concentration of sodium in the media was significant 
and may have negatively impacted the inoculum at the higher perchlorate concentrations. 
In Table 5.5, the sodium concentrations present in the media are given along with their 
corresponding values as % sodium chloride.
Table 5.5 -  Levels of sodium present in media for test bottles used in Test Two.
Test Bottle
Perchlorate
Concentration
(m gV ’)
Acetate
Concentration
(m g r ')
Sodium 
Concentration *
Sodium 
Concentration 
(as % NaCl)
1 1000 3000 3.56 0.4%
2 2000 6000 7.11 0.7%
3 3000 9000 10.67 1.1%
4 4000 12,000 14.23 1.4%
5 5000 15,000 17.79 1.8%
10 10,000 30,000 35.57 3.6%
*Does not include initial salt concentration of < 0.02% which is present in the growth 
medium.
Liu (2000) observed an almost 30% reduction in the growth coefficient of a 
mixed culture exposed to 0.5% salt. This reduction significantly increased to over 60% at
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1.0% NaCl. Declining growth rates at 1.0% salt concentration went from 0.26 to 0.09 
day''. Comparable results were obtained from the salt experiment in Chapter 3 of this 
thesis. Despite a significant reduction in the growth rate and perchlorate reduction rates 
of microbial cultures exposed to elevated salt concentrations, perchlorate continued to be 
reduced by the mixed culture in media containing salt concentrations below 4% NaCl. 
(Lui, 2000, Gingras et a l, 2002). In this test, perchlorate degradation was not observed 
at concentrations of 2000 mg CIO/ L'' and higher (> 0.7% NaCl), possibly indicating the 
microorganisms’ inability to reduce perchlorate was not only due to elevated salt 
concentrations present in the media, but potential toxicity from high levels of perchlorate.
5.3.2.3. Test Three -  Tween 40 as Electron Donor
To facilitate growth of the microorganisms uninhibited by salt, the carbon source 
for Test Three was changed to Tween 40. Previous research indicated that the PRMs 
present in our master culture reactor could effectively utilize Tween 40 as an electron 
donor (Kesterson, 2002).
Growth of the inoculum was observed at all perchlorate levels tested (300, 1000, 
2000, 3000, 4000, 5000, and 10,000 mg CIO/ L"'). By plotting the natural log of 
absorbance over time, the following linear regression lines were obtained (Figure 5.5) 
and growth coefficients calculated (Table 5.6).
The growth coefficients obtained for the inoculum at perchlorate concentrations 
between 1000 and 4000 ppm were comparable to rates obtained in the first two 
experiments. In Test Three, the optimal perchlorate concentration for the mixed culture 
utilizing Tween 40 as a carbon source was 2000 mg CIO/ L''. The highest growth 
coefficient (0.76 day ') was measured at this CIO/ concentration. For CIO4
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Figure 5.5 -  Linear regression lines used to calculate the growth coefficients for the
inoculum in Test Three.
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Table 5.6 - Growth coefficients and perchlorate biodégradation rates for the inoculum in 
Test Three.
Perchlorate
Concentration
(m g r ')
Growth Coefficient Value
Perchlorate 
Biodégradation 
Rate 
(mg day ~‘)
300 0.58 0.90 35.3
1000 0.53 0.87 92.4
2000 0.76 0.94 235.06
3000 0.53 0.91 87.6
4000 0.52 0.94 116.4
5000 0.14 0.98 106.7
10000 0.04 0.80 50.2
Abiotic Control-1000 0.00 0.23
concentrations directly below and above 2000 mg ClOf L'% the biomass growth rate 
declined by approximately 30%. When the perchlorate concentration increased to 5000 
mg CIO4 L '\  an 80% reduction was measured in the growth rate of the inoculum. 
Further reduction of the growth coefficient (95%) was observed at a CIO4' concentration 
of 10,000 ppm where the growth coefficient decreased from 0.76 to 0.04 day '.
The perchlorate biodégradation rate was calculated by dividing the change in 
perchlorate concentration over the time elapsed. For those test bottles where the 
perchlorate fully degraded (< 3000 ppm), the differential was calculated utilizing the last 
detectable perchlorate concentration measured since the time at which perchlorate was 
completely reduced by the inoculum was unknown. In the test bottles where perchlorate 
was not fully degraded, calculations were made over the duration of the experiment or the 
34-day sampling period. Comparable to what was found in the growth coefficients for 
this test, the highest perchlorate biodégradation rate of 235 mg CIO4' day"' was measured 
for the inoculum exposed to 2000 mg CIO4' L"'. For the microorganisms exposed to
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1 0 0 0  and 3000 ppm, this reduction rate declined to approximately 90 mg CIO4  day '. 
Despite a significant decrease in the growth coefficient observed in test bottles containing 
5000 mg CIO4 ' L '', the average perchlorate degradation rate at this concentration was 107 
mg CIO4 ' day ', very similar to rates measured at 1000 and 3000 ppm. The lowest 
biodégradation rate (35 mg CIO4  day ') was measured in the test bottle containing 300 
mg CIO4 ' L"'. In Test One, the biodégradation rate for the inoculum at 300 mg CIO4  L"' 
was more than double this value (74 mg CIO4  day"'). One possible explanation for this 
variance could be the different electron donors (i.e., acetate versus Tween 40) used in 
each test.
The most significant finding from Test Three was the biomass growth observed at 
perchlorate concentrations of 10,000 mg CIO4 " L"'. Despite the low growth rate of the 
bacteria at this concentration, the perchlorate degradation rate measured was 50 mg CIO4 " 
day"'. This rate was slightly higher than the degradation rate measured at 300 mg CIO4 " 
L"', however, the growth coefficient obtained for the inoculum exposed to 10,000 mg 
CIO4" L"' was 90% less than the growth coefficient at 300 mg CIO4 " L '. Biodégradation 
of perchlorate (Figure 5.6) by the inoculum exposed to 10,000 mg CIO4 " L"' did not take 
place immediately, but a lag or acclimation period was observed prior to the reduction of 
perchlorate around Day 26 of the test.
5.4. Conclusion
Based on this data, the potential for toxicity to high levels of perchlorate exists, 
however, these results can not be considered conclusive. Similar to what was suspected 
with sodium acetate, inhibition of the microorganisms to high concentrations of Tween
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Figure 5.6 -  Perchlorate biodégradation rates for the inoculum in Test Three.
40 can not be ruled out. Further research recommendations exploring the potential 
toxicity of high concentrations of perchlorate to PRMs are outlined in the next chapter.
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CHAPTER 6
RECOMMENDATIONS
The following recommendations for further research are suggested:
1. There exists a need to further study the toxicity of high levels of perchlorate on 
PRMs. The electron donors (sodium acetate and Tween 40) utilized in this research 
were present in the media in very high concentrations, possibly inhibiting the PRMs. 
The carbon source must be readily available, yet it must not exceed concentrations 
known to promote biodégradation. Continual monitoring of the carbon to maintain it 
at an acceptable level would allow better testing of perchlorate toxicity. The ability 
of a mixed culture of PRMs to degrade perchlorate at high concentrations could 
potentially allow high-level perchlorate wastes to be treated without dilution.
2. There also exists a need to investigate the influence of different types of electron 
donors on the biological reduction of perchlorate. Based on the results from Tests 
One and Three in Chapter 5, the growth rate of the inoculum exposed to perchlorate 
concentrations of 300 ppm was approximately the same utilizing acetate and Tween 
40 as an electron donor (0.62 and 0.58 day '\ respectively); however, rates of 
biological degradation in the two tests differed (35 and 74 mg CIO4  U '). This 
difference may be due to the type of carbon source (i.e. electron donor) provided to 
the microorganisms. Determining the preferred electron donor for these
83
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microorganisms will optimize the biological reduction of perchlorate and reduce 
operational costs.
3. There exists a need to assess the possible acclimation of an enrichment culture of 
known perchlorate degraders to elevated concentrations of salt and/or ammonium. 
The batch tests conducted in this research tested perchlorate degraders with no 
previous exposure to additional salt or ammonium, except what was originally present 
in the media. Lag periods were observed in the experiments prior to perchlorate 
biodégradation. By slowly introducing this mixed culture to increasing levels of salt 
and ammonium, possible acclimation of the microbial culture may occur and higher 
concentrations be tolerated, making perchlorate reduction in these extreme 
environments possible.
4. There exists a need to assess the ability of different salt-tolerant bacteria to 
biodegrade perchlorate. Many salt-tolerant microorganisms are capable of reducing 
nitrate and may also possess the ability to use perchlorate as an electron acceptor. 
Identifying a salt-tolerant organism able to reduce perchlorate would be critical in the 
treatment of ion exchange waste régénérant brines.
5. There exists a need to determine the influence of other factors, such as temperature, 
pH, and the possible interference of contaminants present in the feed water on 
perchlorate biodégradation. Controlling these factors will help predict whether 
biological reduction may be successfully employed as a treatment technology for 
certain types of perchlorate-contaminated waste streams (e.g. groundwater high in 
nitrate, industrial wastes containing hydrocarbons as well as perchlorate, etc.).
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CHAPTER 3
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SALINITY TEST —Acetate as Electron Donor
0.0% Additional Salt or Ammonium Hydroxide Added 1.0% Salt Concentration
Hour Oa Ob Oc Od Oe
0
19 82 83 77 73 81
44 64 69 66 72 71
69 68 67 65 68 66
118.5 65 64 63 66 65
140 69 68 65 64 66
164 67 65 68 68 67
188 69 67 67 68 69
212 70 68 70 69 67
237 71 69 70 68 69
264 72 69 72 72 71
284.5 72 72 72 70 71
309.5 72 72 72 72 72
335 70 69 66 65 68
0.5% Salt Concentration
Hour Sl.Oa SI.Ob Sl.Oc Sl.Od Sl.Oc
0
19 80 81 79 79 80
44 76 76 75 75 70
69 67 73 65 72 70
118.5 69 71 68 70 68
140 70 71 69 72 70
164 67 65 68 68 67
188 72 72 69 71 68
212 72 73 71 72 71
237 73 70 72 73 72
264 72 72 71 73 71
284.5 73 74 71 73 73
309.5 74 73 72 74 73
335 71 73 70 71 70
551 74 75 70 72 74
Hour S0.5a S0.5b S0.5c S0.5d S0.5e
0
19 81 76 73 78 78
44 75 69 68 69 72
69 69 70 69 70 68
118.5 66 63 67 66 66
140 70 70 70 69 69
164 68 67 68 68 67
188 70 70 69 70 70
212 71 68 70 68 70
237 72 69 70 69 69
264 72 70 71 71 72
284.5 72 70 70 70 70
309.5 72 69 72 69 71
335 71 69 70 69 68
551 73 73 73 73 71
1.5% Salt Concentration
Hour SI.5a S1.5b S1.5C S1.5d S1.5e
0
19 80 81 79 79 80
44 76 76 75 75 70
69 67 73 65 72 70
118.5 69 71 68 70 68
140 70 71 69 72 70
164 67 65 68 68 67
188 72 72 69 71 68
212 72 73 71 72 71
237 73 70 72 73 72
264 72 72 71 73 71
284.5 73 74 71 73 73
309.5 74 73 72 74 73
335 71 73 70 71 70
551 74 75 70 72 74
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NH4OH TEST — Acetate as Electron Donor 
0.4% Ammonium Concentration
CONTROLS
Control-Abiotic
Hour A0.4a A0.4b A0.4C A0.4d A0.4e
0
19 81 80 79 80 82
44 68 69 68 71 64
69 66 67 61 64
118.5 66 66 60 64
140 66 67 66 65
164 64 65 72 63
188 63 65 71 63
212 65 64 72 63
237 66 64 70 64
264 66 64 72 64
284.5 63 64 70 63
309.5 63 63 71 63
335 60 60 67 63
551 61 63 72 64
Hour Cla Clb Clc Cld Cle
0
19 98 99 98 98 95
44 98 99 98 99 99
69 98 99 98 100 99
118.5 99 99 100 100 99
140 100 99 100 100 100
164 99 99 100 100 100
188 99 99 99 99 99
212 99 100 99 99 98
237 99 99 99 99 99
264 100 100 99 100 100
284.5 99 100 99 100 100
309.5 99 100 100 100 100
335 99 98 98 98 99
551 100 100 99 100 99
0.6% Ammonium Concentration
Hour AO. 6a AO. 6b A0.6c A0.6d A0.6e
0
19 81 82 80 82 84
44 70 69 69 70 72
69 68 68 64 68 66
118.5 68 68 67 69 67
140 68 68 69 68 69
164 65 67 66 66 64
188 65 64 67 66 64
212 67 66 67 67 67
237 66 66 67 67 64
264 68 66 69 66 68
284.5 67 67 67 67 66
309.5 64 65 67 65 66
335 66 65 65 65 64
551 67 67 71 69 68
Control-No Electron Donor (acetate)
Hour C2a C2b C2c C2d C2e
0
19 84 84 80 86 86
44 82 82 83 82 82
69 84 84 84 84 83
118.5 82 83 80 85 85
140 86 83 82 83 82
164 83 82 84 82 81
188 84 82 85 85 85
212 83 83 83 84 85
237 86 84 85 84 85
264 85 84 85 85 85
284.5 85 84 85 86 85
309.5 84 84 84 82 86
335 84 84 83 84 84
551 84 84 86 85 85
1.0% Ammonium Hydroxide Concentration
Hour Al.Oa A 1.0b A 1.0c Al.Od Al.Oe
0
19 84 84 84 84 85
44 77 72 74 73 74
69 70 79 71 68 69
118.5 73 71 70 69 70
140 73 73 73 70 73
164 73 73 73 68 70
188 73 71 76 68 70
212 74 72 68 67 69
237 74 73 73 66 69
264 71 69 69 68 70
284.5 69 68 69 67 67
309.5 70 69 69 68 67
335 67 66 67 66 68
551 70 71 71 68 70
Control—No Electron Acceptor (Perchlorate)
Hour C3a C3b C3c C3d C3e
0
19 80 77 80 80 81
44 71 81 73 74 70
69 72 72 71 72 74
118.5 70 71 69 70 70
140 71 73 69 69 71
164 67 72 68 72 71
188 73 75 74 73 72
212 73 73 72 73 74
237 74 75 75 74 74
264 75 75 76 72 74
284.5 72 72 76 75 76
309.5 74 76 76 71 73
335 70 71 74 72 75
551 77 76 74 76 74
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Ammonium Hydroxide Concentrations 
0.0% NH4OH 0.1% NH4OH
Acetate as Electron Donor 
0.2% NH4OH 0.3% NH4OH
Days lA IB 2A 2B 3A 3B 4A 4B
0.60 87 89 84 85 85 85 97 97.5
1.75 67 84 72 71 71 70 89 87
2.08 58 83 68 68 67.5 65 86.5 85
2.71 40 76 60 60 63 57 83 83
3.58 18.5 70 51.5 51.5 58 50.5 79 77
3.86 13 65 47 48 54.5 48 78 76.5
4.48 14 54 37 40 51.5 43 73 71.5
7.01 18 16 15 15 35.5 20 67.5 67
8.73 21 19 18 18 30 15 64 62.5
11.06 25 23 24 26 19 24 65 63
13.96 24 23 24 29 16 24 58 53.5
17.60 29 26.5 31 32.5 25 31.5 45 46
20.06 31 29 30 30 27 31.5 19 18
0.4% NH4OH 0.5% NH4OH Abiotic Control
Days 5A 5B 6A 6B 7A 7B
0.60 97 98 98 9 9 100 100
1.75 90 91 90 90 100 100
2.08 88.5 90 89 89 100 100
2.71 87 87 87 86 100 100
3.58 83.5 82 81 82 100 100
3.86 80.5 81 79 81 100 100
4.48 76 76 75 78 100 100
7.01 64.5 67.5 65 64.5 100 100
8.73 59 62 61 62 100 100
11.06 60.5 61 59 63 100 100
13.96 54 62 60.5 56 100 100
17.60 50 46 55.5 52 100 100
20.06 42 18 49 50.5 100 100
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Perchlorate = 10 mg CIO;' L' (Acetate) Perchlorate = 300 mg CIO4 L" (Acetate)
Day .OlA .OIB .OIC
0 . 0 0 9 3 9 3 93
0 . 2 1 9 3 9 3 93
0 . 5 9 9 3 9 3 92
0 . 9 5 9 3 9 3 93
1.38 91.5 92 93
2.00 90 87 94
2J9 88 85 91
3.04 91 91 89
3.54
4.00
5.08 88 89 89
Perchlorate = 30 mg CIO/ L"' (Acetate)
Day .03A .03B .03C
0 . 0 0 92 92 92
0 . 2 1 92 91.5 92
0 . 5 9 92 91.5 92
0 . 9 5 92 93 92
1.38 85 89 89
2.00 87 84 89
2.39 86 82 86
3.04 88 88 85
3.54 81 88
4.00
5.08 86 86 86
Perchlorate = 50 mg C 0 /  L’' (Acetate)
Day .05A .05B .05C
0 . 0 0 92 92 91
0 . 2 1 92 91 91
0 . 5 9 91.5 91.5 91
0 . 9 5 92 90 90
1.38 85 84 84
2.00 87 87 85
2J9 82 85 82
3.04 83 86 82
3.54 84 85 85
4.00
5.08 82 84 82
Day .3A .3B .3C
0 . 0 0 96 9 5 9 5
0 . 2 1 95 9 5 9 5
0 . 5 9 94 9 4 9 4
0 . 9 5 96 9 3 9 5
1.38 87 89 89
2.00 93 93 92
2.39 91 89 83
3.04 84 86 86
3.54 70 70.5 68
4.00 66 66 66
5.08 64 64 64
Perchlorate = 5000 mg CIO/ L" (Acetate)
Day 5A 5B 5C
0 . 0 0 95 96 96
0 . 2 1 96 96 96
0 . 5 7 95 95 94.5
0 . 9 5 96 95 96
1 . 2 1 96 94.5 93
1.83 96 95 95
2.21 95 94 96
2.85 93 96 94
3.40 92 96 96
3.85 97 96 97
4.94 97 97 97
Perchlorate = 20,000 mg CIO/ L" (Acetate)
Day 20A 20B 20c
0 . 0 0 96 96 96
0 . 2 1 95 96 96
0 . 5 7 94 94 95
0 . 9 5 96 96 96
1 . 2 1 96 94 93
1.83 97 97 93
2.21 90 92 95
2.85 96 96 97.5
3.40 97 97 94.5
3.85 97 97 96
4.94 97 96.5 97
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Perchlorate = 60,000 mg CIO/ L"' (Acetate)
Day 60A 60B 60C
0 . 0 0 9 5 9 4 96
0 . 2 1 96 9 5 96
0 . 5 7 96 96 96
0 . 9 5 96 97 93
1 . 2 1 92 96 96
L83 97 95 98
2.21 96 96 96
2.85 97 97 96
3.40 97 98 97
3.85 97 97 97
4.94 98 98 97
Perchlorate = 100,000 mg CIO4’ L (Acetate)
Day 100 A lOOB lOOC
0 . 0 0 9 7 9 7 97
0 . 2 1 9 7 9 7 96.5
0 . 5 7 96 96 96
0 . 9 5 97 96.5 97
1 . 2 1 94 88.5 97
1.83 94 98 96
2.21 97 96 98
2.85 99 98 99
3.40 98 96 96
3.85
4.94 97 98 98
Abiotic Control
Day CA CB c c
0 . 0 0 1 0 0 1 0 0 100
0 . 2 1 1 0 0 1 0 0 1 0 0
0 . 5 7 1 0 0 1 0 0 1 0 0
0 . 9 5 1 0 0 1 0 0 1 0 0
1 . 2 1 98 9 4 1 0 0
1.83 100 98 too
2.21 94 99 1 0 0
2.85 100 100 1 0 0
3.40 100 100 1 0 0
3.85 100 100 1 0 0
4.94 100 100 1 0 0
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Perchlorate Concentrations -- Acetate as Electron Donor
1000 mg L' 2000 mg L' 3000 mg L' 4000 mg L'
Day lA IB 2A 2B 3A 3B 4A 4B
0.02 91 92 91 92 91 91.5 89.5 91
0.73 89 89 92 92 92 92 92 91.5
1.45 76 76.5 86 86 89 87 138.5 89
2.41 66 69 86 85 89 89 89 89
3.93 50 55 84 85.5 89 89 89 89
6.63 23 24 83 83 88.5 88 89.5 90
7.53 23 23 82 81.5 87 86 89 89
8.63 23 24 81.5 81.5 88 88 91 90
10.58 22 24 81 82 88 88 91 91
11.63 21 23 78 81 89 88 91 91
12.60 19 23 80 81 88 88 91 92
Perchlorate Concentrations — Acetate as Electron Donor
5000 mg L 10,000 mg L 1000 mg L
Day 5A 5B lOA lOB CA CB
0.02 91 91 91 91 100 100
0.73 91.5 92 93 93 98 100
1.45 90 91 91 91 100 100
2.41 91 91 91.5 91 100 100
3^3 91 91 92 91 100 100
6.63 91 91 92 91.5 100 100
7.53 89 90 91.5 90.5 99 100
&63 91 91 92 92 100 100
10.58 92 92 92 91 99 100
11.63 91 91 92 91 100 100
12.60 91 92 93 92 100 100
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Perchlorate Concentrations — Tween 40 Used as Electron Donor 
300 mg CIO /U ' 1000 mg CIO /U ' 2000 mg CIO /U ' 3000 mg CIO/L'
Day .3A .3B lA IB 2A 2B 3A 3B
0.06 9 9 9 9 9 7 96 97 98 9 7 98
0.98 9 7 96 9 4 94 94 95 96 96
2.19 89 93 71.5 80 81 8 2 j 94 95
3.10 82 89 54 76 59 59 87 87
4.06 73 83 40 69 29 27 62 64
4.98 68 81 32.5 69 25 23 54 56
5.98 64 78 28 67 19 20 56 56
7.04 59 75 22.5 63 13 14 49 51
14.08 54 63.5 16 48 9 9 36 36.5
26.25 53 58 14 36 3 3 23.5 21
27.17 0 0 0 0 0 0 20 22
29.15 0 0 0 0 0 0 18 20
31.90 0 0 0 0 0 0 16 17
32.92 0 0 0 0 0 0 16 18
Perchlorate Concentrations — Tween 40 Used as Electron Donor
Abiotic Control4000 mg CIO4 ’ L' 5000 mg CIO/ L ' 10,000 mg CIO/ L '
Day 4A 4B 5A 5B lOA lOB CA CB
0.06 98 98 9 7 9 7 98 9 7 . 5 1 0 0 1 0 0
0.98 97 97 9 7 96 98 9 7 . 5 1 0 0 1 0 0
2.19 97 93 96 95 98 98 1 0 0 1 0 0
3.10 96 96 96 96 98 98 1 0 0 1 0 0
4.06 90 89 95 95 96 96 1 0 0 1 0 0
4.98 83.5 80 95 95 97 97 1 0 0 1 0 0
5.98 70 60 94 96 97 97 1 0 0 1 0 0
7.04 52 44.5 92 95 97 97 1 0 0 1 0 0
14.08 41 35 85 92 98 98 1 0 0 1 0 0
26.25 26 22 22.5 23 94 92 1 0 0 1 0 0
27.17 23 21 20.5 21 95 92 1 0 0 1 0 0
29.15 19 19 17 20 95 92 1 0 0 1 0 0
31.90 16 15 15 18 92 92 1 0 0 1 0 0
32.92 14 13 13 15 91 92 1 0 0 1 0 0
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